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1
Introduction
On the homepage of the academic database Scopus, the default example search
term is “heart attack” AND stress. When this search is executed, 421 documents
are found that mention both heart attack and stress in title, abstract or keywords
(August 2014). Since the 1970s, the number of documents published per year has
rapidly increased and more than half of the documents were published in the past
10 years. This increase is an indication of the topicality of the relation between
heart attacks and stress.
1.1 Stress
More than a half of all European workers considered work-related stress to be
common in their workplace [47]. Stress is the second most frequently reported
work-related health problem in Europe. The total cost of mental health disorders
in Europe is estimated to be 240 billion e/year, of which 43% consists of direct
costs such as medical treatment and 57% consists of lost productivity, including
sick leave [46].
The general concern about work stress is a recent phenomenon. From the second
half of the 20th century, research on work stress received increasing amounts of
attention. In the late 20th century, it was recognized that work stress is a threat to
employees’ health and productivity. During this period, work became more service-
oriented and knowledge-based. This required knowledge about performance under
stressful conditions. Hence, experts began to recognize the importance of psycho-
logical well-being of employees, for example through recognition and opportunities
for personal development. The intention of these experts was to improve organi-
zational well-being and productivity by improving individual well-being [164].
Gradually, the effects of stress on health became evident and researchers realized
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that prolonged stress could cause illness. By the late 1990s, psychological health
of the employees had become a major concern. Numerous work stress models were
developed and many organizations launched intervention programs [164].
There is no unique definition of stress, but three approaches to the definition and
study of stress were identified [33]:
1. The engineering approach sees stress as being caused by the environment.
The amount of work load and demand are objectively measurable factors
that cause stress.
2. The physiological approach sees stress as the physiological response to certain
stimuli. This is a general and non-specific response to any stressor.
3. The psychological approach focuses on the interaction between a person and
his environment when studying stress.
The engineering approach and the physiological approach form the earlier ap-
proaches to defining and measuring stress. These approaches have suffered from
much criticism, though. A major point of critique towards the engineering ap-
proach was its emphasis on environmental factors. These factors do not always
have the same effect on, for example, performance or comfort. For the physiologi-
cal approach, it is mainly the non-specificity that was criticized. It was proven that
the stress response is not identical among various stressors, but varies for different
types of stressors. Moreover, both approaches ignore individual differences.
Current stress research is mainly based on the psychological approach, which fo-
cuses on the relations between a person and his environment and the cognitive
and emotional processes that are involved in these relations. There are two in-
teraction theories that evolved from the psychological approach that explain the
interaction between a person and his environment [33]. One interaction theory is
the person-environment fit: if a person and his environment (e.g. work) do not fit,
this situation can lead to stress. Another interaction theory is the demand-control
model: if the environment is highly demanding and the person working in the
environment has low control this can also lead to stress.
A distinction can be made between short-term and chronic (long-term) stress.
Short-term stress follows from incidental stressful conditions such as a short period
of high demand to finish a crucial report. Chronic stress is caused by a long-term
imbalance between person and environment and/or demand and control.
1.2 Effects of Chronic Stress
Chronic stress induces negative psychological and social effects, as well as physi-
ological effects. For example, stress causes adrenaline and cortisol levels to rise.
Chronically elevated levels of these hormones negatively influence cardiovascular
health because of their effects on blood pressure and cholesterol levels. The hor-
mone imbalance also suppresses the immune system.
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Mental and physical health problems that are usually associated with chronic
(work) stress are, for example [33, 99]:
• Bronchitis
• Coronary heart disease or other cardiovascular diseases
• Headaches and migraine
• Musculoskeletal problems
• Diabetes
• Obesity
• Anxiety
• Burnout
• Depression
• Difficulty in concentrating
• Drug and alcohol abuse
These issues do not only have a personal impact, but they also have an impact on
the organization and society due to poor performance at work, increased accident
and injury rates and increased absenteeism [99]. Incidental, short-term, stress
(e.g. to meet a deadline) is not harmful and often even beneficial for performance
(except for a very traumatic stress experience that can result in post-traumatic
stress disorder). Prolonged, chronic, stress however, results in various mental and
physical symptoms and needs to be prevented. Therefore stress should be detected,
monitored and managed by employers and employees. When frequent short-term
stress is detected, job content can be changed to reduce workload, for example,
and the transition to chronic stress can be prevented.
1.3 Measuring Stress
Timely detection of stress is essential and to achieve this, a personal stress man-
agement system would be useful. Such a system could measure stress and give
feedback on a personal level. Effective feedback empowers the creation of aware-
ness of stress level and the application of a personal treatment, if necessary.
An overview of the main processes that are involved in the development and effects
of stress is shown in Figure 1.1. Based on the effects, one could think of methods to
detect stress. Several options have been proposed for measuring stress to facilitate
detection in an early stage. These options can be categorized in three approaches
[125]:
1. Questionnaires
2. Biochemical measures
3. Physiological measures
9
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Figure 1.1: Overview of the main processes involved in the development and the
effects of stress.
1.3.1 Questionnaires
Stress assessment questionnaires follow different approaches. One approach is
to assess life events (both acute and chronic) that may have impact on stress
experience. However, not everyone reacts in the same way to certain life events.
Therefore, another approach is to assess perceived stress. In this way only the
stress that is experienced by the subject is assessed. Stress levels can be assessed
through a checklist or a personal interview. A checklist is cheaper and faster than
a personal interview, but an interview assesses the life events and their timing
more precisely [166].
Commonly used questionnaires to assess stress are the Life Stress Inventory, the
Perceived Stress Scale and the Social Readjustment Rating Scale. Several ques-
tionnaires exist to assess post-traumatic stress disorder, anxiety and depression
[125].
A drawback is that most of these tests are time-consuming for doctors, assistants
and patients [125]. Also, questionnaires can be unreliable because they might not
be filled in sincerely and may suffer from recall bias [40]. Hence, there is the need
for more objective measures to assess stress.
1.3.2 Biochemical Measures
The main biochemical measures for stress are the levels of the hormones adrenaline
and cortisol in various body fluids: blood, saliva, urine. Stress increases secretion
10
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of these hormones and this increase is measurable in these body fluids. When
using hormone levels to assess stress, one must be aware that the hormones are
not released in a constant fashion and fluctuate during the day. Ideally, one would
place an indwelling catheter to monitor the hormone concentrations over a 24-hour
period. Obviously, this is often not possible and the assessment needs to be based
on just a few measurements [125].
Adrenaline releases glucose to prepare the body for an appropriate response to a
stressor. The adrenaline concentration in blood increases due to stress, but also
due to general engagement in tasks, because adrenaline is a hormone that mo-
bilizes energy when performance is needed. Results of studies investigating the
relation between stress and adrenaline levels show increased adrenaline concentra-
tions during work, but not necessarily during work stress [40]. This phenomenon
is a drawback of measuring adrenaline levels to asses stress. Another drawback
is that blood sampling is required for adrenaline measurement and it is often un-
wanted to perform such an invasive measurement.
Cortisol releases glucose and lipid acids and acts as a catalyst for adrenaline.
Advantage is that the cortisol level can be determined from saliva, which does
not require invasive techniques in order to take a sample. Cortisol is released
in stressful conditions, but also shows a diurnal rhythm. Cortisol level peaks
during awakening and decreases gradually during the day. This influence of time
is substantially larger than the influence of stress on cortisol level. Therefore
one should carefully control the sampling times when assessing cortisol levels. The
results of studies investigating the relation between stress and cortisol levels are not
conclusive and sometimes point in opposite directions [64]. Cortisol level increases
following acute stress, but the effects of chronic stress are unclear. Chronic stress
might even cause decreased cortisol levels [40].
1.3.3 Physiological Measures
The physiological effects of stress are expressed in both the central nervous system
(CNS) and the peripheral nervous system (PNS). The brain and spinal cord are
in the CNS and are connected to the other body parts by the PNS. This thesis
is focused on the expression of stress through the PNS. The assessment of CNS
activity through, for example, brain waves is out of scope.
Stress experiences cause rapid activation of the autonomic nervous system (ANS)
in the PNS. The sympathetic part of the ANS becomes predominant over the
parasympathetic part to prepare the body for action to eliminate the stressor.
Hence, measuring the sympathetic activation gives insight in stress experience of
a person. A number of noninvasively measurable physiological variables can be
useful for this purpose. These variables are based on the following physiological
measures:
• Heart rate
• Blood pressure
11
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• Respiration
• Skin conductance
• Muscle activation
• Skin temperature
It was shown already in numerous studies that these physiological variables and
mental stress are related (this will be elaborated upon in Chapter 2). However,
it is not possible to model the relation between the physiological features and the
various aspects of mental stress exactly, for a number of reasons. First, the physio-
logical reaction to stress varies substantially among persons. On group level, differ-
ences were shown between subject groups with different levels of stress. However,
individual reactions and physiological stress sensitivity vary tremendously among
persons. Second, a physiological reaction is an indirect expression of mental stress.
The translation from mental stress in the brain to peripheral physiological variables
is influenced by numerous factors that influence the relationship between the two.
That is, the subjective stress experience in the brain is translated by neuronal and
hormonal links that produce the peripheral physiological signals that we measure.
Based on the basic physiological stress reaction, classification between stress and
rest conditions has been successfully applied numerous times. Yet, the indirect
translation and differences among persons could be an explanation why correla-
tions between (continuous) subjective stress levels and (continuous) physiological
feature values have not been found often [40].
Still it is useful to measure physiological variables for stress assessment. The phys-
iological reaction is the mechanism that causes stress-related physical complaints,
and not the subjectively-experienced mental stress. Therefore the physiological
measurements enable quantification of the impact of stress on the body [40].
1.4 Taking the Next Step
1.4.1 Limitations of Current Research
As discussed in the previous section, there have been various attempts at detect-
ing mental stress. None of them showed results convincing enough to become a
standard method for stress measurement. Probably the physiological measures
are most promising for a practical solution to measure stress ambulatory. Ques-
tionnaires require user input and biochemical measures require invasive sampling.
Physiological measures can be recorded with unobtrusive wearable devices.
Physiological measures have been most useful so far in comparing the effects of
stress in large groups. A typical study would measure baseline physiological values
in a group of subjects, apply a stressor, and measure the physiological response
(e.g. [105]). Another approach that is commonly taken is to measure physiolog-
ical variables in two different groups of subjects: one subject group experiencing
(chronic) stress, the other group not experiencing this stress (e.g. [156, 165]).
The outcome is the difference between the measured physiological values of the
12
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two groups. In this way the two groups are compared and some insights can be
obtained about the effects of stress.
Whereas most of the current studies were assessing stress reponses on group level,
it should also be possible to assess the stress reaction within one person and for
example compare the response to various conditions. In this way, personal stress
responses can be determined and modeled. Such stress models would be useful
for the development of a personal stress management system. Users of such a
system can get feedback on their personal stress level and become aware of the
situations that may cause stress. Through this awareness, changes in behavior can
be triggered that lower stress level and chronic stress can be prevented.
Most studies published in literature were conducted in controlled, laboratory en-
vironments. However, a personal stress management system will need to work in
real-world environments. There is no conclusive evidence that the stressors applied
in controlled environments induce the same reactions as real-world stress [73].
Furthermore, the equipment that is used in laboratory environments is often not
portable. Numerous ambulatory measurement systems have been developed and
these devices show much potential for future developments in stress monitoring.
Commercial heart rate monitors are widely available for sport exercise purposes.
Most systems work with a chest belt, but some of the newest models work with
a sensor on the wrist (e.g. Philips’ Mio sensors). Some sensors have also been
developed that can measure skin conductance ambulatory (e.g. Shimmer’s GSR+
unit). A combination of these types of devices into one device would be a large
step forward in the development of stress management systems. This illustrates the
need for reliable, small and unobtrusive wearable physiological sensors to enable
stress detection in real-world environments.
1.4.2 Goal
Considering the limitations of current research, the goal of the research described
in this thesis is:
to assess the feasibility of constructing personal models for the relation
between mental stress and physiological variables, for use in ambulatory
stress management systems.
The steps that were taken to achieve this goal are discussed next.
1.4.3 Thesis Overview
First, the literature on the topic of stress detection from physiological variables
was reviewed. This review provides insight in what was done on the topic so far
and which approaches seem promising. The outcomes can be found in Chapter 2.
13
Chapter 1
Next, a stress experiment was designed and conducted. Subjects were exposed to
three different stressors in a controlled environment. During the stress exposure,
physiological variables were recorded. Some insight was acquired from this study
into the relevant, ambulatory recordable, physiological variables for stress detec-
tion. The procedure of the experiment and the results from the trapezius muscle
surface EMG recordings are described in Chapter 3. The results of the analysis
on a larger set of physiological signals (EMG, ECG, respiration, skin conductance)
collected in the same study are discussed in Chapter 4.
To take the next step, physiological variables were recorded in a less controlled
environment. The second experiment was conducted during a simulation training
for medical students in which they had to respond to an emergency situation.
The results show the effect of context conditions, especially physical activity, on
the physiological variables. A third study was also conducted during simulation
training with students. In this training the students had to perform simulated
laporoscopic surgery. These two studies are described in Chapter 5.
The final study was designed and conducted in a truly natural setting. Physiolog-
ical variables as well as reference measures were recorded during five working days
while subjects, who were researchers, continued their normal daily work activities.
The results reveal important clues on the feasibility of personal stress detection.
This study is described in Chapter 6.
Finally, all insights from these studies are summarized and discussed and sugges-
tions for future work are given in Chapter 7.
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How Mental Stress Influences Physiological
Variables: a Selective Review
Mental stress is a growing problem in society. To prevent stress-related health
problems, it is crucial to assess mental stress levels and to take action when stress
becomes too high and/or chronic. Noninvasively measurable physiological parame-
ters are useful to measure stress in an unobtrusive way. In this review, we discuss
how mental stress is associated with four noninvasively measurable physiological
parameters: heart rhythm, blood pressure, respiration and skin conductance. We
selected a representative set of 15 studies for each of the four parameters and an-
alyzed the outcomes of these studies. Numerous features are extracted from these
parameters. We identified five features that positively correlate to mental stress:
heart rate, systolic and diastolic blood pressure, skin conductance level and number
of skin conductance responses. We hypothesize that these features can be used in
the development of a stress management system that can give adequate feedback to
users about their stress levels.
2.1 Introduction
Stress is a major problem in society. In the US, one-third of employees report
their job as stressful. The number of work days lost due to anxiety, stress and
neurotic disorders is four times higher than the number of lost days due to other
nonfatal injuries and illnesses [122]. In the European Union, more than 40 million
individuals are affected by work-related stress. Stress is one of the most commonly
Submitted to Applied Psychophysiology and Biofeedback as: J. Wijsman, R. Vullers,
B. Grundlehner, H. Liu, J. Penders and H. Hermens. How Mental Stress influences Physio-
logical Variables: a Selective Review.
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reported causes of occupational illness by workers and costs approximately 20
billion euros per year in lost productivity and medical expenses [68].
Walter Cannon introduced the term ‘homeostasis’: the “coordinated physiological
processes which maintain most of the steady states in the organism”. Cannon
demonstrated that there are different responses to psychological and physical fac-
tors that disrupt homeostasis. Hans Selye was the first to introduce the term
‘stress’ in scientific and medical literature. A stressor is a stimulus that disrupts
homeostasis. Stressors could be divided in four types: (1) physical stressors, (2)
psychological stressors, (3) social stressors and (4) stressors that challenge cardio-
vascular and metabolic homeostasis. Stressors can be either acute or chronic. In
contrast to Cannon, Selye defined stress as the nonspecific response of the body
to any demand. Hence he emphasizes that the same reaction would follow any
type of stressor [128]. Currently, many definitions exist of the concept ‘stress’. We
will focus on mental (psychological and/or social) stressors in this chapter and use
the following definition of stress: an imbalance between stimuli and psychosocial
resources [153].
The two major physiological systems that respond to stress are the hypothalamic-
pituitary-adrenal (HPA) axis and the autonomic nervous system (ANS), espe-
cially the sympathetic part of the ANS [112]. Activation of these systems results
in, among other things, increased attention, cardiac output and catabolism, ac-
celerated respiration and redirection of blood flow to brain, heart and muscles
[162]. Chronic activation of the stress response systems can cause various health
problems, such as hypertension, stroke, diabetes, obesity, autoimmune and inflam-
matory disorders and depression [128, 162].
There are various ways to detect the physiological stress responses. One option is
to measure the levels of certain hormones typically involved in the stress reaction,
such as cortisol and epinephrine. These hormone levels are usually determined in
blood, saliva or urine. Another option is to measure the ANS responses, such as
heart rhythm and respiration. An advantage of the latter option is the possibility
to measure the parameters noninvasively (from the outside of the body).
Considering the increasing number of people affected by (work-related) stress,
long-term monitoring of stress becomes a concrete option in the modern world.
Long-term monitoring will enable people to be aware of and potentially manage
their stress level, and forms a promising method for preventing long-term health
problems caused by chronic stress. Such monitoring must be done noninvasively
and as unobtrusively as possible. We envision a wearable sensor system (body
area network) consisting of small, low-power, wireless sensors that measure various
physiological signals. An automated stress detection algorithm could run on such
a system and provide (real-time) feedback to the user.
To design such a system, it is necessary to know which noninvasively measurable
physiological parameters and features are relevant for mental stress detection.
Over the years, the relationship between various types of stressors and the corre-
sponding physiological responses has been intensively studied. Some review papers
16
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have been published in this field, covering for example the neuroendocrine effects
of stress [117], the HPA axis response [51], the effects on the brain and immune sys-
tem [112], the cardiovascular system [45], the changes of the acute stress response
with various chronic psychosocial factors [28] and negative health effects of chronic
stress [71]. A number of papers has been published on the effect of emotions on
autonomic nervous system activity, see for example [86]. In her paper, Kreibig
discusses the relevant literature on the response of the autonomic nervous system
(cardiovascular, respiratory and electrodermal responses) on various emotions.
To the best of our knowledge, there is no review that discusses the associations of
general mental stress to multiple noninvasively measurable physiological parame-
ters. To fill this gap, we conducted a literature study on this topic and report the
results in the current article.
The research question for our study is: Which physiological features, that can be
measured noninvasively, are the most suitable to detect mental stress?
We chose to select four common physiological parameters and discuss the perfor-
mance of these parameters in stress detection research. The parameters can all be
measured noninvasively by body area network sensors for use in a wearable auto-
matic stress detection system towards real-time and continuous stress monitoring.
We discuss the procedure for selecting the parameters and relevant literature in
Section 2.2. The relevant results from this literature on the relation between stress
and physiology are reported in Section 2.3. These findings are discussed further
in Section 2.4 and conclusions are drawn in Section 2.5.
2.2 Methods
2.2.1 Considerations Regarding Study Selection
We based our search approach on two aspects of our research question: (1) men-
tal stress and (2) physiological parameters. We listed the most relevant key-
words for both aspects (stress keywords: arousal, stress, psychosocial load, mental
demand, mental load, distress, strain, effort-reward imbalance; physiological key-
words: physiol*, electrocardiogra*, ECG, heart rate, interbeat interval, electromyo-
gra*, EMG, respiration, electrodermal activity, skin conduct*, galvanic skin re-
sponse, electroencephalogra*, EEG, voice, impedance cardiogra*, ICG, blood pres-
sure, temperature) and performed an initial search in Scopus [42]. Results had to
include at least one stress keyword and at least one physiological keyword. The
search yielded a considerably large number of 1.8 million results. Next to the stud-
ies we intended to find, the results also included for example studies on mechanical
stress, studies on animals and studies on a number of diseases. We attempted to
exclude these non-relevant results by excluding subject areas such as agricultural
and materials sciences, by excluding keywords such as ‘animals’ and by excluding
source titles that clearly involved non-relevant topics such as materials and me-
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chanics. However, we did not manage to limit the number of results to reasonable
proportions. The lowest number of results we could achieve was still over 15,000.
In our search, we did not set restrictions on, for example, study design, selection
of subjects or type of stressor, and therefore we found significant variety on these
aspects of the studies included. We could have limited our scope to a specific study
design, subject group and stress elicitation method to rule out this phenomenon.
However, we would have excluded a significant number of relevant studies by
setting strict inclusion criteria. We consider the variety of studies as a strength
of our review. By including diverse studies, we show the relevance of considering
physiological changes caused by stress in broad applications.
Due to the relatively high heterogeneity among search results it was complicated
to compare the results of the studies in a quantitative way. Therefore we chose
to include a broad range of studies and to describe the similarities and differences
among the selected studies in a more qualitative way. Next to this, based on the
high number of search results that were retrieved, we concluded that the number
of relevant studies that fit our research question was too high to include them
all in a systematic review. Therefore we included a limited number of relevant
studies for every parameter considered. One way to identify the relevant studies
that have high impact in a research field is to consider the number of times a study
was cited by other authors. A limitation of this selection method, however, lies in
the fact that recent studies did not have the chance to gather many citations yet.
Therefore we took a hybrid approach for selecting the studies to include in our
review. For every physiological parameter we considered, we selected the ten most
cited studies and five relevant studies that were published in the period 2003–2013.
We identified the relevant studies by using the relevance ranking of Scopus, which
is based on how many times the keywords appear in the record and on the location
of the search terms in the record (title/abstract/body).
2.2.2 Search Strategy
We executed our literature search in Scopus during the period December 2012
to January 2013. Included studies needed to mention at least one of the stress
keywords mentioned in Section 2.2.1 in the title. Furthermore, studies needed to
mention the physiological aspect in title, abstract or keywords. We used subsets of
the physiological keywords mentioned in Section 2.2.1, depending on the specific
physiological parameter under consideration.
We limited the results to document type ‘article’ and included only articles written
in English. Initially, we retrieved many non-relevant studies. To overcome this
issue, we limited our search further by excluding keywords, subject areas and
source titles related to non-relevant fields.
We chose to narrow our scope by selecting only the four most common physiological
parameters by ranking them on the number of results per parameter. The parame-
ters that were initially included were noninvasively measurable parameters that are
18
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commonly used in mental stress measurement: blood pressure, electroencephalog-
raphy (EEG), electromyography (EMG), heart rhythm, impedance cardiography
(ICG), respiration, skin conductance and voice. The four parameters with the
highest number of search results were included in our review: heart rhythm, blood
pressure, respiration and skin conductance.
We set three inclusion criteria to select studies for our review:
1. The study should concern mental (i.e. psychological and/or social) stress.
Studies that involved physical stress, such as exercise, were not included.
2. The subject group had to include healthy individuals. We think that the
physiological effects of stress on healthy individuals should be studied first.
Once these effects are known, the effects of stress on unhealthy individuals
can be studied. Healthy control groups of studies involving patient groups
were included.
3. As our research question says, we want to identify the specific physiological
features that are influenced by mental stress. Therefore we only included
studies that reported on changes due to stress in individual features. This
criterion implies that studies that used a set of features for classification, for
example, were not included if they did not report on changes in individual
features.
For every included physiological parameter, we sorted the search results by the
number of citations. We selected the top ten most cited studies that matched our
inclusion criteria. Then, we limited the search to the period 2003–2013 and sorted
the results by relevance. We selected the five most relevant studies that matched
our inclusion criteria from this list.
2.3 Results
2.3.1 Heart Rhythm
It is worth noting that four of the ten most cited papers that comply with our
criteria were published during the past ten years and have already achieved citation
numbers high enough to be included in the ten most cited papers in the field. An
overview of the studies selected is shown in Table 2.1. An overview of the five
papers from the past ten years that received a high-relevance ranking based on
the search criteria is shown in Table 2.2. Only heart-rhythm-related features are
mentioned.
Study Design
We found considerable differences among the designs of the studies analyzed.
Eleven times there was one subject group of which all members went through
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the same procedure. Two studies included a stress group and a control group.
Schommer et al. [146] split their subject group into a “high responder” and a
“low responder” group and repeated the same stressor three times in the high
responder group. Vrijkotte et al. [165] split their subject group based on high and
low effort-reward imbalance at work and high and low overcommitment at work.
Despite these differences the studies all aimed to answer similar research questions
regarding the influence of mental stress on heart rhythm and in that sense they
are considered comparable.
Stress Elicitation
Nine studies reported on the effects of artificially induced laboratory stress: arith-
metic tasks [5, 10, 105], mirror tracing tasks [5, 156], Stroop Color-word interfer-
ence tasks [5, 105, 141, 156] and speech tasks [59, 121, 146, 147]. Three studies
involved work stress [27, 74, 165], one driving stress [63] and one study involved
examination stress [104]. Dikecligil and Mujica-Parodi [36] combined a laboratory
stressor of negative images with a first time skydive as real-world acute stressor.
Hall et al. [59] and Karlsson et al. [74] studied ECG during sleep. Still, despite
differences in design of the studies, the various results were similar for comparable
occasions when stress was measured. For example, Dikecligil and Mujica-Parodi,
who compared laboratory induced and real-world acute stress, found that the heart
rate variability reaction during real-world stress can be predicted from the reaction
to laboratory stress.
Features
As stated in Section 2.1, stress activates the sympathetic part of the ANS. This
sympathetic activation causes the heart rate (HR) to rise. As a result, the heart
pumps the blood through the body faster and oxygen is delivered faster to the
organs and skeletal muscles that are involved in eliminating the stressor.
HR, or the equivalent RR interval, is one of the most simple and straightforward
measures of heart activity. HR is defined as the number of heartbeats per minute;
RR interval is the time between consecutive heartbeats. All studies that reported
the effect of stress on HR (11 studies) found an increase due to stress [5, 10, 74,
104, 105, 121, 141, 146, 147, 156, 165], indicating that increased HR is a reliable
stress indicator.
Karlsson et al. [74] found the largest increase in HR. The HR reactivity to an
ambulance alarm was 49 beats per minute (bpm). After this short-term initial
HR peak, HR stayed elevated during the entire ambulance response, but this
was a more moderate increase of 22.5 bpm. Schommer et al. [146] also found a
large increase in HR. During the first Trier Social Stress Test (TSST), the HR
increased with 30.0 bpm for the high responder group, and with 23.3 bpm for the
low responder group. Moreover, the other study that involved a TSST by Nater et
al. [121] also showed an increase of HR of about 30 bpm. As the TSST involves a
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speech in front of an audience, it is likely that the subjects were standing up during
the stress phase of this protocol, which might have contributed to the relatively
large HR increases.
The other laboratory-based studies found more moderate HR increases of up to 13
bpm. An exception was the study of Bernardi et al. [10] who found a difference in
HR of 17.7 bpm between rest and a silent mental arithmetic stress task. Although
all their tests were carried out supine, the subject was performing the task “while
writing the results on a blackboard held in front of the subject”. This procedure
probably involved some physical activity to hold the arms up to write, which might
have contributed to the relatively large HR increase. When HR during reading
aloud was taken as baseline and the same stress task was done aloud, HR increased
with 5.3 bpm from baseline to stress. These values comply more with the ranges
found in other studies.
Regarding the real-world stress studies, Vrijkotte et al. [165] found about 5 bpm
higher HR at work for the high effort-reward imbalance group than for the low
effort-reward imbalance group. Lucini et al. [104], on the other hand, found a
difference of almost 16 bpm between a university examination day and a control
day. This difference might have been caused by the fact that Vrijkotte’s control
group was working and, therefore, active although not stressed, while Lucini’s
subjects were completely at rest during the measurements.
Next to heart rate, there are various measures of heart rate variability (HRV),
which indicate the variability in the heart rhythm, that change during stressful
situations. HRV can be assessed in time domain by calculating, for example,
the root mean square of the successive differences between heartbeats (RMSSD),
like Vrijkotte et al. did [165]. They used RMSSD as an indicator of vagal tone
and found a lower RMSSD value for subjects that indicated a high effort-reward
imbalance at work.
HRV can also be assessed in frequency domain. HRV is typically evaluated as the
power in a low frequency (LF, 0.04–0.15 Hz) and high frequency band (HF, 0.15–
0.4 Hz). The LF band reflects both sympathetic and parasympathetic activity,
whereas the HF band corresponds only to parasympathetic activity. The ratio
of the power in these two frequency bands (LF/HF) therefore informs about the
sympathetic modulation [59]. It is expected that LF and LF/HF increase, and HF
decreases during exposure to a stressor. This was indeed found by four authors
[10, 59, 104, 141].
Contradictory HRV results were found by Chandola et al. [27] (lower interbeat
variance, LF and HF) and Schubert et al. [147] (increased standard deviation of
interbeat intervals, LF and HF). Possibly the HF result of Schubert et al. was
caused by the stress task, which involved speech. Speech influences respiration
and respiration influences HF [59]. Chandola et al.’s decreased interbeat variance
and HF were expected. However, it remains unclear why LF also decreased.
Finally, there are various other heart-rhythm-related features that were found
to react to stress. However, these are not widely used (yet) and need further
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investigation. Salahuddin et al. [141] analyzed a number of ECG derived features
for “ultra short term analysis of heart rate variability”. Coefficient of variance,
HRV index and triangular interpolation of heartbeat interval histogram (TINN)
increased during stress. Root mean square of standard deviation, percentage of
heartbeat intervals with difference in successive intervals greater than 50 ms, stress
index and very low frequency HRV decreased during stress. Schubert et al. [147]
investigated the changes of the HR complexity measure correlation dimension D2
due to stress. They found a decreased D2 during short-term stress, which indicates
a reduction in HR complexity and may represent a lower adaptability and fitness of
the cardiac pacemaker. Furthermore, they found a significant negative correlation
between chronic stress and D2.
Summary
It is clear that HR increases due to stress. However, some studies found large
responses that might be partly caused by physical activity instead of mental stress
only. HRV results are mostly consistent (decrease in time-domain features, de-
crease of HF, increase of LF and LF/HF), but some contradictory results were
found.
2.3.2 Blood Pressure
The ten most cited papers reporting on the relation between mental stress and
blood pressure (BP) are listed in Table 2.3. The five relevant recent papers dis-
cussing mental stress and BP are listed in Table 2.4. Even when studies involved
various physiological measures, only details related to blood pressure are listed in
the tables.
Study Design
As for the heart-rhythm studies, the BP studies show considerate differences
among study designs. In nine studies, all subjects went through the same pro-
cedure, two studies included a stress group and a control group. Four times the
subject group was divided into subgroups based on BP or job strain. Two studies
included a long follow-up period of several years [145, 81].
Stress Elicitation
Nine studies elicited stress in a controlled environment. The stressors included a
color-word interference test [5, 70, 105, 156], mirror tracing [5, 110, 156], mathe-
matical tasks [5, 10, 26, 25, 70, 105], anticipation of a speech performance [127]
and a video game [110]. Six studies reported on the influence of work stress on
BP [81, 91, 143, 144, 145, 165].
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Table 2.4: Five recent and relevant blood-pressure-related studies
Reference
(cita-
tions)
Stress elic-
itation
method
Subjects Study design Features
ana-
lyzed
Results
[26]
(68)
Mental
arithmetic
(PASAT)
1458 sub-
jects (792
women, 666
men)
BP measures at
baseline and dur-
ing task.
SBP,
DBP
↑ SBP, ↑ DBP. No
difference between
sexes after adjust-
ment for perfor-
mance.
[25] (2) Mental
arithmetic
(PASAT)
1196 sub-
jects (645
women, 551
men)
BP measures at
baseline and dur-
ing task.
SBP,
DBP
↑ SBP, ↑ DBP.
[110]
(62)
Video game
and mirror
tracing task
2816 sub-
jects
BP measures at
baseline and dur-
ing task.
SBP,
DBP
↑ SBP, ↑ DBP.
[91]
(40)
Normal
working life
213 men 24-hour ABP. Di-
vision of subjects
into job strain
and no job strain
group.
SBP,
DBP
↑ SBP, ↑ DBP for
men with job strain
compared to men
with no job strain.
[81] (4) Economic
crisis with
low job
control
218 men Annual BP mea-
surements before,
during and after
a 3-year economic
crisis.
SBP,
DBP
↑ SBP, ↑ DBP during
crisis, returned to
slightly above base-
line after crisis and
remained stable for
next 5 years.
↑ increase/higher. ABP: ambulatory blood pressure, BP: blood pressure, DBP: diastolic blood
pressure, PASAT: Paced auditory serial addition test, SBP: systolic blood pressure
Four of the studies on work stress monitored and analyzed ambulatory blood
pressure for at least 24 hours. These studies revealed that work stress does not
only influence BP at work, but also at home [91, 144, 145, 165]. This finding
indicates that the physiological influence of work stress is maintained even beyond
working hours.
Features
Two features are distinguished when measuring blood pressure: systolic blood
pressure (SBP) and diastolic blood pressure (DBP). SBP is the peak blood pres-
sure, reached when the left ventricle contracts and pumps blood in the aorta. DBP
is the lowest blood pressure during a cardiac cycle, when the ventricle contraction
is finished and the aortic semilunar valve closes. In stress situations, the sympa-
thetic part of the ANS is activated. This causes the HR and stroke volume (SV)
to rise, leading to a rise in cardiac output (HRxSV, the amount of blood pumped
out of a ventricle in one minute). Next to this, sympathetic activation also leads
to vasoconstriction (narrowing of blood vessels). The increase in cardiac output
and the vasoconstriction both contribute to increases in SBP and DBP.
When looking at the absolute changes in BP induced by mental stress, it can
be noticed that, in general, the controlled stressors induce larger responses than
work stress. This was not the case for the study by Kjeldsen et al. [81], who
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reported BP responses in their work-stress based study similar to responses to
controlled stressors in other studies. However, it must be noted that the time
between their measurements covered several years. BP tends to increase when
people become older, so this increase might have contributed to the total BP
increase, that was therefore probably not strictly caused by stress. Also Schnall
et al. [145] reported larger BP differences between stress and no stress than the
other work-stress studies. We could not identify where this difference might have
come from.
Taking a closer look at the results of the laboratory studies, the large physiological
response reported by Bernardi et al. [10] again attracts attention. Most of the
laboratory-based studies found SBP increases in the range of 10–15 mmHg and
DBP increases in the range of 5–11 mmHg. Bernardi et al. reported an increase
in SBP of 25 mmHg and in DBP of 13.8 mmHg from rest to the stress task
(silent mental arithmetic). Again, we believe that part of this large difference was
caused by physical activity of the subject writing on a blackboard held in front
of him while being in supine position. The differences between reading aloud and
performing the mental stress task aloud were 7.5 mmHg for SBP and 7.0 mmHg
for DBP. These values comply more with the ranges we found in other studies;
the SBP increase is even a bit lower than in other laboratory stress studies. Also
Jern et al. [70] (SBP +17.2 mmHg, DBP +16.2 mmHg) and Steptoe et al. [156]
(SBP +16.4 mmHg, DBP +12.6 mmHg) reported relatively large BP increases.
However, the subject groups of these studies consisted of only 10 and 12 subjects,
respectively, which makes the results more uncertain than they would have been
with a large subject group.
All work-related stress studies included large groups of over 100 subjects. Three of
the laboratory-based studies included over 1000 subjects. The results from these
large subject groups are reliable and confirm that work-related and laboratory
stress actually increase BP levels. The existence of large studies, both in real-
world working conditions and in the lab, could be resulting from the fact that BP
can be measured in a very non-invasive and easy way. Fully automatic devices
to measure BP easily from a cuff placed around the arm are widely commercially
available. One drawback of BP monitoring lies in the fact that BP cannot easily
be monitored continuously, and that monitoring is usually expensive. If cheap and
noninvasive continuous BP measurement would be available, the dynamics of BP
and the causes of BP changes could be studied in more detail.
Something else worth mentioning is the variety of types of stressors that induce
BP increases. Short-term artificial stressors increase BP, but also long-term work-
related stressors increase BP. The BP even remains elevated once a long-term
stressor disappears. Kjeldsen et al. [81] found that it took three years following
an economic crisis for BP to return to nearing the original baseline. Next to that,
Landsbergis et al. [91] found that SBP at home of men who were employed for
≥25 years while being exposed to job strain for 50% of their work life was higher
than SBP of men with no past exposure, independent of current exposure. This
finding provides an indication that chronic stress might lead to long-term or even
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permanent physiological changes.
Summary
Both SBP and DBP increase due to stress. These findings are supported by studies
with large subject groups. Elevated BP can be maintained for years after a stressor
has disappeared and therefore high BP does not have to be the result of a current
stressor, but can also be a long-term effect of a stressor in the past.
2.3.3 Respiration
Table 2.5 lists the ten mostly cited papers reporting on the relation between mental
stress and respiration. Table 2.6 lists the five relevant recent papers discussing
mental stress and respiration. Even when studies involved various physiological
measures, only details related to respiration are listed in the tables.
Study Design
The study designs of the selected studies were relatively standard for this kind
of research. The majority of studies (12 studies) analyzed one subject group
performing some type of stressor. Some authors made a comparison between two
groups with high and low stress levels. Dishman et al. [37] compared subjects with
high and low perceived emotional stress during the past week, Fenz and Epstein
[49] compared novice and experienced parachutists, while Cacioppo et al. [24]
compared a group of caregivers with a control group of noncaregivers.
Something that we should pay attention to when studying respiration-related fea-
tures is the fact that in some studies the subjects were speaking during the mea-
surements. As far as we are aware, six of the selected studies involved speaking
[8, 24, 115, 136, 139, 155]. Speaking is especially important when the baseline
or control condition did not require subjects to speak, but performing the stress
task did require speaking. Obviously, speaking influences the breathing pattern so
comparing between a silent rest condition and a stress condition during which sub-
jects are speaking may lead to results that are not comparable and consequently
a wrong interpretation. We should keep this in mind when evaluating the results
of these six studies.
Stress Elicitation
Nine of the selected studies involved stress elicitation methods in a laboratory
environment. The stressors varied from mental arithmetic [10, 137, 139], to divided
attention and risk taking tasks [67], the TSST [136], IAPS slides [137], visual
matrix problem solving [155], mirror drawing [155], speech [24, 155], response
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[115] and reaction-time tasks [124]. Most of these tasks are commonly used in
stress studies and we have seen many of them already in Sections 2.3.1 and 2.3.2.
There were six studies that involved real-world stress. Two of them involved driv-
ing [8, 63]. The other studies involved a university examination [104], parachute
jump [49], caring for a spouse [24] and general perceived stress [37]. We see that the
effects of both short-term and chronic real-world stressors were studied. The two
studies evaluating chronic stress did not find any respiration differences caused
by the stress. The studies evaluating short-term real-world stress found mixed
results.
Features
Experiencing a stressor activates the sympathetic part of the ANS and this pre-
pares the body for action to eliminate the stressor. One of the effects of this ac-
tivation is the need for more oxygen. This increased oxygen demand is answered
by rapid and deep breathing.
The most common way to measure respiration is by placing one or two belts around
the upper body and measure the expansion. Sometimes the belts are calibrated
against a spirometer for respiratory volume. Baek et al. [8] extended this idea and
used the seat belt in a car to measure chest expansion. Another option is to place
a thermistor at nose and mouth [124] or to use a flow meter [37, 137].
The most popular respiration feature is the respiration rate. It can be measured
relatively easily with a belt around the chest that detects the chest expansions and
contractions caused by breathing, and by calculating the number of breaths per
minute from the signal. Seven of the twelve studies that investigated respiration
rate found an increase due to stress [24, 49, 67, 115, 124, 139, 155]. However,
there were also some studies that reported no effect of stress on respiration rate
[37, 104, 137]. Baek et al. [8] and Bernardi et al. [10] reported a decrease in
respiration rate. Baek et al. found a decrease while driving in a narrow alley,
Bernardi et al. found a decrease during silent and aloud mental stress. For the
aloud mental stress case, the speaking could have influenced the breathing rate.
For the other cases, we suggest that muscle activity in the upper body might have
interfered with chest expansion and consequently decreased the breathing rate.
While driving in a narrow alley, subjects might have had an increased muscle tone
in the upper body to facilitate better control of the steering wheel. During the
study of Bernardi et al., the subjects were in supine position while writing on a
blackboard held in front of them. This procedure probably involved activation of
the muscles in the arms and chest.
If we consider only studies in which subjects were not speaking during stress
conditions, fewer studies that found a respiration rate increase are included. So
although we believe speaking could influence the results, excluding the studies that
involved speaking does not result in more consistent outcomes.
As a second feature, we found minute volume or minute ventilation (the total
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volume of gas entering the lungs per minute), measured by calibrated belts or a
flow meter, as possible stress indicator. This feature was found to increase [139],
decrease [10], or show no effect [37, 137]. However, Roth et al. [139], who found
an increase, had their subjects talking during the stress condition. We think that
speaking might have influenced the outcome in this case.
The last respiration feature that was used in multiple studies is the tidal volume
(the volume of gas entering the lungs in one breath), also measured by calibrated
belts or a flow meter. The tidal volume was found to increase in stressful conditions
[136, 155], or show no effect [137]. Also here, one of the studies involved talking
and therefore the increase in tidal volume that Ritz et al. [136] found might have
been caused by the talking.
Summary
Respiration rate often increases under the influence of stress, but some contradic-
tory results were found. The results are even more contradictory for the other
features. For the real-world study designs and stressors we considered in this
section, we found no convincing evidence that stress influences respiration. Fur-
thermore, it should be taken into account that speech influences the respiration
signal and therefore it is not as suitable as other physiological parameters for
measuring stress in circumstances involving speech.
2.3.4 Skin Conductance
The ten most cited papers investigating the influence of stress on skin conductance
(SC) are listed in Table 2.7. The five recent studies on SC and stress that we
identified are listed in Table 2.8. Only details related to SC features are listed in
the tables.
Study Design
An interesting observation among the SC studies is that three studies offered their
subjects different versions of the same stressor. Healey and Picard [63] included
three different driving conditions in their test, Breier et al. [17] exposed their
subjects to controllable and uncontrollable noise and Sibley et al. [151] exposed
their subjects to balance perturbations while standing on a platform at ground
level and 1.6 m high. Two authors divided their subject group in two or more
groups that each received a different version of the stressor: Renaud and Blondin
[133] included three different forms of pacing the Stroop test and Suzuki et al.
[158] threatened part of their subject group with an electric shock in case of bad
performance in the stress test.
Another observation is that two studies involved a stress task followed by another
task and investigated the influence of the first task on the second task. Jackson et
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al. [69] exposed part of their subject group to a job speech and mental arithmetic
task (similar to the TSST, but without a live audience) before fear conditioning
for both this stress group and a control group. The stress group showed larger SC
responses to the fear conditioning than the control group. Collet et al. [32] had
their subjects complete a Stroop test followed by a car driving task. They found
that performance on the Stroop test corresponded to performance in the driving
task.
Stress Elicitation
Twelve studies involved artificial laboratory stressors. The stressors showed great
variety and included mental arithmetic tasks [69, 132, 137, 139, 158], delivery of
a speech [69, 100, 155], pictures from the International Affective Picture System
(IAPS) [132, 137], loud noise [17, 132], divided attention and risk taking tasks
[67], anagrams [17], electric shock [100], visual matrix problem-solving [155], mirror
drawing [155], classification of words [134], Stroop test [133], threat of losing money
[132] and perturbation leading to postural instability [151].
Merely two studies evaluated SC during real-world stressors: Al-Fudail and Mellar
[2] during teaching and Healey and Picard [63] during driving. Collet et al. [32]
also had their subjects perform a driving test, but the subjects drove on a private
circuit so we do not consider this test as ‘real-world’.
Features
There are three types of sweat glands on the body: eccrine, apocrine and apoec-
crine. The eccrine sweat glands are innervated by sympathetic nerves and are
involved in emotional responses. SC changes with changing electrical properties
of the skin caused by sweat gland activity. SC is often measured on the palms and
soles, because these areas show the highest density of eccrine sweat glands [39].
In our selection of studies, most SC signals were measured from the hand, which
seems to be the most convenient location for SC measurement. Two studies used
the sole of the foot to measure SC [63, 132].
The two basic properties that can be determined from SC are the skin conductance
level (SCL), measured in µS, and the fluctuations (SC responses or other measures
of fluctuation) of the SC signal.
The SC feature that was used most often in the selected studies is SCL. It was
found in ten studies that SCL increases in mental stress conditions [17, 63, 67, 100,
132, 134, 137, 139, 151, 158]. Looking at the absolute changes in SCL levels, the
increase normally falls in the range of 1–6 µS. This is a relatively large range and,
as with some other physiological features, the responses vary among people. An
exception is the study of Rief et al. [134], who only found an increase of around
0.4 µS. We believe that this small increase might have been caused by the stressor:
classifying words into either noun or adjective class. The stressor was developed
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for patients with somatization syndrome and hypochondriasis and was probably
not very stressful for the group of healthy control subjects.
The second most often used feature is the number of SC responses. Although
different authors use different criteria for an SC response, the overall results are
comparable: the number of SC responses increases in mental stress conditions
[67, 132, 139, 155]. The only exception is the study by Renaud and Blondin
[133], who did not find a significant difference in number of SC responses per
minute between the control condition and Stroop test. They did find, however,
an increase from baseline to both tasks. They suggest that this increase might
be caused by emotional strain related to task performance, regardless of having
color-word interference.
All other SC-related features that were used were related to responses and fluctua-
tions of the SC signal. A feature directly related to the fluctuations is the variance
of the SC signal (no change reported) [63]. Features related to response amplitude
are SC range (increases due to stress) [67] and response magnitude (increases and
no response found in stress) [63, 69, 151, 158]. Features related to the timing of
the responses are the response duration, Mhomic Perturbation Duration, latency
and time-to-peak (no significant changes due to stress reported) [32, 63, 151]. A
feature that combines both amplitude and duration of the responses is the sum
of the areas under the responses, evaluated by Healey and Picard [63] (no change
reported).
Summary
We can state that both SCL and the number of SC responses increased under the
influence of mental stress. Other SC features are less popular in stress research and
their variability in stress is thus less clear. These features need further investigation
before a statement can be made regarding their reactivity to mental stress.
2.4 Discussion
2.4.1 Main Findings
An overview of the results of features reported in at least three of the selected
studies is listed in Table 2.9. We identified five noninvasively measurable physio-
logical features from four physiological parameters that are commonly measured
and show a clear correlation to mental stress: heart rate, systolic blood pressure,
diastolic blood pressure, skin conductance level and number of skin conductance
responses. These five features are all relatively easy to determine. This might be
one of the reasons that studies often used these features.
Some other features did not show a correlation to mental stress as clear as these
five features. For example, heart rate variability did not show up as a convincing
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Table 2.9: Overview of main findings for features reported in at least three studies
Feature Studies ↑ ↓ = Not reported
DBP 15 14 0 1 0
SBP 14 14 0 0 0
Respiration rate 12 7 2 3 0
SCL 12 10 0 1 1
HR 11 11 0 0 0
Number of SC responses 7 5 0 1 1
HF 6 1 4 0 1
LF 5 3 1 0 1
LF/HF 5 2 0 1 2
Minute volume 5 1 1 3 0
SC response magnitude 4 1 0 2 1
SDNN 3 2 0 1 0
Tidal volume 3 2 0 1 0
↑ increase/higher, ↓ decrease/lower, = no change/no difference
parameter for stress measurement. This was unexpected, because HRV should
react to the sympathetic activation that is induced by stress. However, in some
studies, speech can confound the results because speech influences breathing, which
influences HRV. HRV measures can still be useful in stress detection in situations
where no speech is involved. More research in controlled conditions is needed to
investigate the exact relation between stress and HRV.
Some other features did not show convincing results but still suggested a relation
with stress: respiration rate, skin conductance features other than SCL and SC
responses. These features need more research so we can find out how exactly they
react to stress. The other features related to respiration, except for respiration
rate, just do not seem to show a distinct reaction to mental stress.
2.4.2 Challenges
Stress research remains challenging, although we have now identified the most
promising physiological parameters in this field. One reason is that there is no
adequate gold standard for measurement of stress level available. Some authors
verify the effect of a stressor by self-report questionnaires. This is better than
not using a reference measure at all, but is still a weak measure. Subjects might
hesitate to express their true feelings to the experimenter or might not be conscious
of their stress level and express physiological reactions that they are not aware of.
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Another reference measure that is used sometimes is the cortisol level in saliva
or another body fluid. Cortisol levels increase under the influence of stress and a
subject cannot consciously influence this measure. However, cortisol is influenced
by many factors besides stress, such as the diurnal rhythm: the cortisol level
increases sharply after waking up and decreases during the day. Besides that,
there is a delay between the onset of a stressor and an increase of cortisol level,
making causal relationships between stressor and cortisol level rise difficult to
identify. These issues make it difficult to check if stress was successfully elicited
in a study. Because of the lack of a gold standard for stress level, we cannot judge
which of the studies found valid results and which actually did not elicit stress
successfully, but some studies might not have found the expected results because
stress was not successfully induced.
Although we found relations between physiological features and mental stress,
this does not imply that a change in physiology always corresponds to a change
in mental stress level. Some activities may result in similar autonomic responses
and therefore interfere with mental stress detection. Only when all other factors
are controlled, a physiological change is related to a change in mental stress level.
In practice, it is impossible to control all confounding factors when doing stress
research, especially in real-world measurements. Therefore it is recommended to
analyze multiple physiological parameters at the same time to get an overall picture
of the physiological responses of the body.
It is interesting to see the diversity of stress elicitation methods. Researchers have
been creative in designing methods to induce stress in test subjects. We think
this is useful, because stress in daily life comes in many different forms. We still
found similarities in the main results of the studies and therefore conclude that
most stress elicitation methods induced similar physiological responses and thus
seem to be valid methods to induce stress.
Although the laboratory stressors and the real-world stressors showed similar re-
actions, we still found differences in response amplitude for some features. We
found larger BP responses to the laboratory stressors than to the real-world stres-
sors. For respiration rate, we found relatively convincing influences of laboratory
stress, but mixed results for the real-world stressors. We could not investigate
the difference between laboratory and real-world stressors for SC, because there
were only two studies involving SC and real-world stress and these studies did not
mention quantitative results. Still, the laboratory stressors seem to induce differ-
ent reactions from the real-world stressors, indicating that there are differences in
the experience of laboratory versus real-world stressors. The nature of stressors
in laboratory conditions is often much more acute than the real-world stressors
that are studied. The real-world stressors often involve work stress, which is of a
longer-term nature than the laboratory stressors. Although there are similarities
between laboratory stress responses and real-world stress responses, it is of high
importance to continue the transition from controlled (laboratory) to uncontrolled
(real-world) environments in stress research to confirm if the laboratory findings
can be transferred to real-world conditions.
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2.4.3 Limitations
We recognize that our study has some limitations. First of all, we chose a subset of
physiological parameters by selecting the four parameters with the highest number
of results from our search in Scopus. By doing so we aimed at including the
most common parameters in our analysis. We cannot be certain that this method
actually resulted in selection of the most common parameters and we should keep
in mind that we might have missed relevant results from parameters that were not
included in our analysis. However, we identified the parameters with the highest
number of search results, which are often used in stress research and are likely to
be already accepted in the field. If there are other relevant parameters for stress
detection, these parameters have not yet been used often in stress studies and still
need to prove their credibility.
Furthermore, we chose to only include a subset of all relevant studies in our review.
There are many relevant studies on the topic of changes in physiological parameters
due to mental stress. As was explained in Section 2.2, in our opinion, it was not
feasible to include all relevant studies on this topic. We aimed at including the
most influential and relevant studies in the field, but we cannot be certain that we
succeeded in doing so. Studies with null effects are less likely to be published than
studies that show the expected effects. Moreover, if these studies are published,
they are less likely to be cited often and therefore we might have missed them in
our review.
Our conclusions are based on 15 studies per physiological parameter. This is a
small number, considering that these studies focus on different types of stress
and stressors. Although the diversity is a strength for the features for which
consistent findings were found, the results are difficult to interpret when there are
inconsistencies.
Notwithstanding these limitations, we believe that we were able to identify the
physiological features that are most responsive to mental stress. Considering the
large number of publications on the topic, our analysis helps to form an overview
of the available research and most important outcomes of these studies. These
conclusions form a starting point for future stress research and for the development
of stress measurement systems and algorithms.
2.4.4 Future Work
In the future, more research is needed on the relation between mental stress and
some physiological parameters, as stated above. These parameters might be re-
lated to stress, but the results found so far are not convincing enough yet. These
parameters include the features related to HRV, some SC features and respiration
rate. Regarding respiration rate, researchers found different outcomes, indicating
that respiration rate can go up or down due to stress. Some persons might in-
crease their breathing rate in certain stressful situations, while other persons or the
same persons during other types of stressors might hold their breath and therefore
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decrease breathing rate. Another option is that the respiration pattern becomes
more irregular in stressful situations due to a combination of holding breath and
fast breathing to take up the amount of oxygen needed by the body.
A challenge for the future is to find a way to deal with the individual differences in
physiology. Physiology during rest as well as the physiological stress reaction vary
among people [3]. Ideally, a stress detection algorithm should be developed that
can learn the characteristics of the person that is using it. This way the algorithm
can adapt to the individual. It might be needed to do a baseline measurement
before starting to use the algorithm or even a standardized stress protocol to learn
about the user’s specific stress response. The person specific information can be
used to select a subset of physiological features to use for stress measurement in a
certain user, or to assign different weights to different features depending on the
user. This way a robust stress detection algorithm can be developed that takes
multiple features into account and combines all information in a reliable personal
stress measure.
Now that we have identified the most suitable physiological parameters for men-
tal stress detection, more research is needed on how to use these parameters in
real-world stress situations. Next to the studies that were already conducted in
real-world environments, new studies are needed that measure subjects for longer
periods. Only then can the long-term physiological effects of stress be measured.
In order to get useful data from these long-term studies, it is necessary to be aware
of context during measurement. Not only stress, but for example also physical
activity, consumption of coffee, temperature and humidity can affect physiological
parameters. It is necessary to measure parameters related to these factors and
compensate for them when detecting stress.
Another point of attention is the occurrence of artifacts in the physiological signals
due to motion and other uncontrollable circumstances when measuring in real-
world environments. Sensors should be designed in such a way that these artifacts
are diminished. Also, clever algorithms are needed for artifact removal and robust
pattern recognition.
It would be beneficial to implement an algorithm that can calculate stress level in
real time. When the user gets real-time feedback on his or her stress level, it is
probably easier to change behavior than when the feedback is provided later, after
offline analysis of the data. Then the user might not be able to recall the situation
and the feelings that were present at that time. This could enable the start of a
new approach for treatment in everyday life conditions instead of present stress
training in an artificial environment. The feedback mechanism however should be
carefully thought through. It is crucial to tell stressed individuals to calm down
without increasing their stress levels even more. Additionally, privacy of data is
also important. When measuring people’s stress level, it is not desirable that this
information is available freely. Therefore data should always be transferred over
a secured connection. Also the feedback to the user should be delivered privately.
The user should be able to choose with whom to share his or her stress information.
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2.5 Conclusions
We identified five noninvasively measurable physiological features that are most
suitable for detecting mental stress: heart rate, systolic blood pressure, diastolic
blood pressure, skin conductance level and number of skin conductance responses.
When developing an algorithm for reliable stress level estimation in real-world sit-
uations, variability of contexts and individuals should be taken into account. Such
an algorithm should take both information from various physiological parameters
and context information as inputs. It should be flexible and should be able to
adapt to various contexts by including or discarding features based on context in-
formation, or by compensating for context factors. The algorithm should also have
the option to be personalized to a certain user. Furthermore, a stress detection
system should work in real time and provide adequate feedback to its users.
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3
Trapezius Muscle EMG as Predictor of Mental
Stress
Stress is a growing problem in society and can cause musculoskeletal complaints. It
would be useful to measure stress for prevention of stress-related health problems.
An experiment is described in which EMG signals of the upper trapezius muscle
were measured with a wireless system during three different stressful conditions: a
calculation task (the Norinder test), a logical puzzle task and a memory task. The
latter two tests were newly designed and aimed at creating circumstances that are
similar to work stress. Amplitudes of the EMG signals were significantly higher
during stress compared to rest (+2.6% of reference contraction level) and relative
time with EMG gaps was lower during stress (-14.3% of time). Also, mean and
median frequencies were significantly lower during stress than during rest (-8.6 and
-8.8 Hz, respectively). EMG amplitude increased not only from rest to stress condi-
tions, but also during stressful conditions and decreased during relaxation periods.
EMG features correlated with subjectively indicated stress levels (correlations of
0.32 with RMS and -0.32 with relative gaptime). The results indicate that EMG
is a useful parameter to detect stress. Together with other physiological sensors,
EMG sensors can be included in a wireless system for ambulatory monitoring of
stress levels.
Published as: J. Wijsman, B. Grundlehner, J. Penders, and H. Hermens. Trapezius mus-
cle EMG as predictor of mental stress. ACM Transactions on Embedded Computing Systems,
12(4):99:1–99:20, 2013.
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3.1 Introduction
Low back pain and pain in the neck or shoulders are symptoms that are commonly
seen not only in physically demanding jobs, but also for example in office jobs and
people working in supermarkets [105]. Causes for these problems are not only
monotonous and repetitive work; especially psychosocial factors such as low job
satisfaction, lack of autonomy and variation at work, high workload and work
pressure have influence on the development of musculoskeletal disorders [105, 135,
142]. It was shown that increased EMG activity can be caused by mental stress in
computer work. This increased EMG activity causes musculoskeletal symptoms
of the upper extremities [142]. The increasing prevalence of muscle problems is
becoming an important economic burden for modern society [135].
Stress is known to activate the sympathetic nervous system [162]. One of the
consequences is the elevation of muscle tone, sometimes resulting in shivering
[109]. This muscle tone elevation could thus be a predictor of mental stress level.
A lot of research has already been done on the detection of stress from physiological
parameters influenced by activation of the sympathetic nervous system. Next
to muscle activity, for example heart rate, heart rate variability, galvanic skin
response and pupil diameter are found to reflect stress [65, 130, 174]. We focused on
detecting stress from muscle activity because of the possible benefits in prevention
of musculoskeletal disorders.
Several investigations are reported on the effect of mental stress on muscles [85,
92, 93, 105, 135, 142]. All experiments used the ElectroMyoGram (EMG) from
the upper trapezius muscle, from which various features were extracted to quantify
muscle activity. The Stroop color word test [157] and different mental arithmetic
tasks are the most popular ways to induce mental stress. Previous results indicated
that these tests successfully induced stress, which resulted in changes in EMG
signals of the trapezius muscle. These changes in EMG included an increase of
amplitude and a decrease in the amount of gaps (short periods of relaxation) that
were recorded. Both are indications of elevation of muscle activity, caused by the
stress tasks.
A system that can measure stress levels based on muscle activity will create inter-
esting applications in real-life situations. Final goal is to design an easily wearable
wireless system that can measure real time stress levels. A possible application of
such a system could be stress prevention at work.
Before a system that can measure real time stress levels in daily life situations can
be made, we need to take an easier case for development of the system. Therefore,
our study is done in a controlled laboratory environment. In such an environment,
there is no interference from physical activity or environmental factors. If changes
are measured in EMG, they are very likely to be caused by stress and not by other
factors influencing muscle activity.
The Stroop color word test and mental arithmetic tests can be very stressful, but
do not simulate situations that are encountered in real life. Therefore, the first
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goal of this study is to propose and validate a new protocol for stress induction
in situations mimicking daily work. The second goal of this study is to confirm
that stress can be detected from amplitude and temporal features of the EMG of
the upper trapezius muscle, as was shown before for this particular muscle [85, 92,
93, 105, 135, 142]. Thirdly, two features of the frequency spectrum are analyzed
to investigate if stress influences frequency components of the EMG. Fourth, it is
investigated if there are trends over time in the EMG signals. Finally, the data is
checked for correlations between perceived stress level and EMG features.
The test protocol, signal acquisition system, data processing, methods for feature
extraction and statistical analysis are presented in Section 3.2. Results of the pro-
tocol validation and the analysis of the trapezius EMG signals during the tests, in
comparison to rest periods, are presented in Section 3.3. The results are discussed
in Section 3.4. Finally, conclusions are drawn in Section 3.5.
3.2 Methods
3.2.1 Subjects
A total number of 30 subjects were recruited for the experiment. Subjects had to
be of age 18 or older and English-speaking. Subjects with muscle diseases, cardiac
problems, or mental disorders such as depression or anxiety were excluded.
The ages of the subjects were in the range 19–53 (mean = 33.1; SD = 7.87); 25
subjects were male and 5 female. All subjects were right-handed. The subjects
had 14 different nationalities.
3.2.2 Test Environment
The test was performed in a quiet room with as few distractions as possible. During
the experiment, that was performed on a PC, the experimenter could see the test
interface on a laptop screen, whereas an extra screen was available for the subject.
A cabinet was placed in between the subject and the experimenter, so they could
not see each other. The subject sat on a chair behind a desk and had a mouse and
keyboard available to answer the questions and do the tests. A sound amplifier
was connected to the laptop. The subject could hear the sounds involved in the
experiment through headphones connected to the amplifier. A video camera was
set up in the room, suggesting that the subject would be video taped during (part
of) the test. A picture of the subject area in the experiment room is shown in
Figure 3.1.
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Figure 3.1: Subject area in the experiment room.
3.2.3 Experimental Protocol
The subject answered some general questions first, and filled in the perceived stress
scale (PSS) questionnaire. Then he performed a reference contraction, followed
by exposure to three different stress conditions. In between these conditions,
resting periods were scheduled to make sure that the conditions did not influence
one another. Furthermore, a questionnaire had to be completed before and after
each condition. A schematic overview of the experimental protocol is shown in
Figure 3.2.
The entire experimental protocol was implemented in a MATLAB interface in
which the experimental conditions were executed one after each other automati-
cally. Automated event marking allowed accurate mapping of the recorded signals
on the different conditions. The different experimental conditions are explained in
the paragraphs that follow.
General Questions and PSS The subject was asked about age, gender, domi-
nant hand and nationality. He then filled in the perceived stress scale (PSS)
[31], which provides an indication of his general stress state.
Rest The rest condition was a period of two minutes in which the subject had
to sit still and relaxed with his left hand in his lap. During this period, the
subject had to type in a number on the keyboard every 10 seconds with his
right hand. In this way, the physical activity from the stress conditions was
imitated, without any mental stress induced. The subject heard Pachelbel’s
Canon in D, which is an orchestral piece often used in commercially available
‘stress-reduction’ tapes [4].
Self-report Questionnaire As a reference measure, self-report questionnaires
were used. The use of self-reports as reference for stress induction was re-
ported in other studies as well [105, 135, 142]. After each rest period and
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Figure 3.2: Schematic overview of the protocol of the stress experiment.
stress test, the subject had to fill in a questionnaire about his mood state.
Visual analogue scales (VAS) were used to let the subject indicate his emo-
tional state by answering 10 questions about 10 different discrete emotions.
One of these emotions was “stressed”. For each emotion, the scale ranged
from “not at all” to “extremely”.
Reference Contraction A reference voluntary contraction (RVC) was performed
by the subject, for normalization of the EMG amplitude afterwards. The
subject was instructed to raise his arms at a sign, while looking straight
ahead. The arms were abducted 90◦ in the frontal plane, with the elbows
fully extended, wrists straight and palms down. The arms were held hori-
zontally aside. After 20 seconds, a second sign was given and the subject
was told to bring down his arms.
Stress Tests Three stress tests were done during the experiment. The order of
the three tests was randomized among the subjects to minimize crossover
effects. This means that the order of the three blocks in ‘stress phase’ in
Figure 3.2 changed among subjects.
Test 1, the Norinder test [103], was a calculation test that is commonly used
in stress experiments [105, 85]. This test functioned as a ‘reference’ test to
induce mental stress. The test was done under time pressure. The subject
had 2:30 min to complete 27 calculations. When an error was made, a red
screen appeared, a buzzer sounded and the subject had to calculate the result
again. A countdown timer was running while the subject was performing the
test. The color of the timer bar faded from yellow to red. Beeps sounded
at 0:30, 1:00 and 1:30 min. When time was almost up, the program started
beeping every two seconds from 2:00 to 2:15 min and it beeped every second
during the last 15 seconds.
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Test 2 was designed to only induce mental stress and consisted of five mental
challenging tasks, like logical puzzles from an IQ test. The subject had 3:00
min to solve the puzzles. This test was also done under time pressure, with
the timer bar and beeps.
Test 3 was designed to induce both mental and psychosocial stress. The
subject was shown a very long row of pictures that formed a path. The
subject was allowed to have a look at the pictures for one minute, while a
timer bar was running again, and then the pictures disappeared. The subject
now had to recall from his memory as many situations as he could remember,
beginning with the first picture and mention them all in the right order. If
a mistake was made or if the subject did not remember any more pictures,
his turn was over. In the next turn, the pictures that the subject mentioned
correctly were discarded. The row of pictures started at the first picture
the subject could not remember anymore. Three turns were done in total.
Psychosocial stress was induced by the subjects being told that they were
divided in teams and that the next team member would start from where
the current subject ended. The team had to try to come further on the path
than the other teams. To invoke extra social stress, a video camera was set
up in the room and the subject was told that he would be recorded during
this test for analysis after the experiment. It was emphasized that the results
of the different teams would be published after the experiments had ended.
During all three stress tests, the subject heard BBC news fragments through
his headphones to distract him from the tasks and make it harder to fulfill
the tests.
Reward At either test 2 or test 3, depending on which one came first, the subject
could earn a present. Before the present-winning test started, the subject
was told that if he finished the test within a certain amount of time, he
would get a reward. If he would not manage to finish within this amount
of time, he would be punished. After finishing the present-winning test, the
subject was told that he had completed the task well enough to receive the
present. At test 2 or test 3, whichever occurred last, the subject was told
that he would lose his reward from the first present-winning test if he did
not perform well on this test.
3.2.4 Procedure
The subject was asked to sit down and two pregelled Ag/AgCl electrodes were
placed on both shoulders in the middle of the imaginary line between the acromion
and vertebra C7 as described in the recommendations from SENIAM [148]. Inter-
electrode distance was 25 mm and a reference electrode was placed on the spinous
process of C7. Then, the EMG electrodes were connected to two wireless sensor
nodes; one for the signals from the left shoulder and one for the right shoulder.
Each sensor node features a proprietary single channel low-power ASIC for bio-
potential amplification and filtering [172]. The wireless sensor nodes used for this
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study are based on the body area network platform developed within imec [20].
A chest belt for electrocardiography (ECG) and respiration monitoring and a hand
sensor for measuring skin conductivity were placed as well [20]. Next to the EMG,
only the ECG signal is used in this study.
Once the subject was equipped with all sensors, a visual signal check was performed
to ensure that the sensor nodes were communicating correctly and that the signal
quality was good.
After this check, the experiment was started by executing a MATLAB interface
in which the experiment was implemented. From then on, the whole experiment
proceeded automatically for about 40 minutes, until the subject finished the last
questionnaire. After this, all measurement equipment was switched off and the
electrodes were removed.
3.2.5 EMG Recording and Signal Processing
The EMG was measured bipolar using pregelled Ag/AgCl ARBO ECG electrodes
(model H124SG 24 mm diameter) by Tyco healthcare, at a sampling frequency of
1000 Hz.
All signal processing was done with MATLAB. The EMG signals were filtered with
a bandpass filter, passing frequencies from 20 to 450 Hz. After that, the signals
were filtered using notch filters at 50, 100, 150, 200, 250 and 350 Hz, to remove
residual power line interference.
ECG signal components in the EMG signals of the left trapezius muscle were
removed by using a method based on that of Spalding et al. [152]. The simultane-
ously recorded ECG signals were used to locate the heart beats. A template of the
average heart beat artifact was constructed and subtracted from the EMG signal
every time a heart beat occurred. The algorithm used by Romero et al. [138] was
slightly modified to be able to apply it to remove the ECG components from the
EMG signals.
3.2.6 Feature Extraction
An overview of all features that were extracted from the EMG signals can be found
in Table 3.1. All feature extraction was done with MATLAB.
The reference contraction was processed following a procedure reported by Krantz
et al. [85]. The root mean square (RMS) values for segments of 1s of the middle 15s
of the reference contraction were calculated. The mean value of these 15 segments
was taken as the RMS reference value. It was set to 100% and all other calculated
values were interpreted in relation to this reference value.
Rest and stress conditions were also divided in segments of 1s. The root mean
square (RMS) was calculated for these segments individually, and normalized by
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Table 3.1: Overview of features extracted from the EMG signals
Feature Abbreviation Meaning
Root mean
square
RMS Normalized root mean square value as per-
centage of the reference contraction
Static load Static 10th percentile of rank ordered RMS values
Median load Median 50th percentile of rank ordered RMS values
Peak load Peak 90th percentile of rank ordered RMS values
Gaps/min Gaps/min Average number of gaps per minute
Relative time
with gaps
Relative
gaptime
Percentage of time in which gaps occurred
Mean
frequency
MNF Mean frequency of the magnitude of the fre-
quency spectrum
Median
frequency
MDF Frequency at which the surface on the left
side equals that of the right side of the mag-
nitude of the frequency spectrum
Trends within
rest and stress
conditions
Trends Slope of a linear fit through RMS values over
time within the rest and stress conditions
the RMS reference contraction. RMS values are thus expressed in percentage of the
reference contraction. The mean RMS values were calculated for each condition.
To determine the static, median and peak load, the calculated RMS values for
individual 1s segments were rank ordered for each rest and stress condition. The
10th (static load), 50th (median load) and 90th (peak load) percentiles of the rank
ordered values were determined.
Also, the number of EMG gaps per minute and the percentage of time in which
EMG gaps occurred were calculated. Gaps are short periods in time in which
muscle activity drops. The rest and stress conditions were divided into segments
of 0.2s and RMS values were calculated for these segments. Gaps were detected
as one or more segments in a row that had an RMS value below 5% of the RMS
reference contraction [142].
The average number of gaps per minute was calculated by dividing the number of
gaps by the duration of the condition. The percentage of time in which EMG gaps
occurred was calculated by adding the duration of all gaps and dividing by the
duration of the condition. This ratio was multiplied by 100 to get the percentages
of time.
The mean and the median frequency were extracted from the frequency domain.
First, the 1s segments from the recordings were multiplied with a Hanning window
to reduce spectral leakage. Then for each segment the fast Fourier transform (FFT)
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was calculated. From these FFTs, the mean frequency (MNF), which is the mean
frequency of the magnitude of the frequency spectrum, and the median frequency
(MDF), which is the frequency at which the surface on the left side equals that
of the right side of the magnitude of the frequency spectrum, were calculated for
each segment. The mean MNF and MDF values were calculated for each rest and
stress condition.
As stress probably builds up during the stress conditions and stress level decreases
again during the rest conditions, it could be possible that there are trends in the
EMG signals within these periods. To find these trends, the RMS values calculated
for consecutive segments of 1s were plotted as a function of time for each condition.
After this, a linear fit was made on the data points in a least squares sense. The
slope of this line gave an indication about the trend in the RMS values. A positive
slope indicates increasing RMS values over time, whereas a negative slope indicates
decreasing RMS values.
3.2.7 Statistical Analysis
Statistical analysis of the obtained results was performed according to the process
mentioned in the following. We used MATLAB for all statistic procedures. The
significance level was set to 0.05 for all tests.
Test for normality The Lilliefors test showed that most of the calculated pa-
rameters from the different subjects in the same condition did not have a
normal distribution. Therefore nonparametric tests were used for further
analysis of the EMG signals.
Test for significant differences among rest and stress conditions Friedman
tests were used to see if there were significant differences in EMG features
among the five rest conditions and/or among the three stress conditions. If
a significant difference was found in a test, a multiple comparison test was
performed using Tukey’s honestly significant difference criterion to find for
which conditions the means are significantly different from each other. If no
significant difference was found, an average value was calculated for the five
rest conditions and/or the three stress conditions for the next part of the
analysis.
Test for significant differences between stress and rest The purpose of this
second set of tests was to investigate possible differences in EMG between
rest and stress conditions. Depending on the outcome of the previous tests,
the values found during the rest conditions and/or during the stress condi-
tions were put in the next Friedman test separately or as one average value.
If significant differences were found in a Friedman test, multiple comparison
tests were performed using Tukey’s honestly significant difference criterion
to find which means were significantly different from each other. If both
rest and stress values were averaged, a Wilcoxon signed rank test was used
instead of a Friedman test.
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3.2.8 Correlations of EMG with Questionnaires
We expected to find that stress levels indicated by the subjects were higher during
stress conditions than during rest conditions. We also expected to find that for
certain EMG features, the values observed during stress conditions were different
from those observed during rest conditions. This raises the question if the indicated
stress levels given in the questionnaires correlate with the values of the different
features in the EMG signal. We tested this with two EMG features: the RMS
and the relative gaptime. These features showed most promising results from
first observations of the data. The non-parametric Spearman rank correlation
coefficients were used for calculation of the correlations.
We also investigated if general stress state obtained by the PSS questionnaire
was related to the values of these EMG features that were obtained during the
experiment. Therefore we calculated the correlation coefficients between PSS score
and RMS values and PSS score and relative gaptime in the EMG signal during all
eight different conditions.
It could be that subjects with higher general stress states reacted differently to the
stress tasks than subjects with low general stress states. To investigate whether
the difference between rest and stress would correlate with PSS score, the mean
values of the features during rest conditions were calculated for all subjects and
subtracted from the values measured during the three different stress conditions.
Spearman rank correlation coefficients were calculated between PSS score and
these differences for RMS and relative gaptime.
3.2.9 Individual Results
In the statistical analysis we are looking at differences at group level. However,
for some applications it is useful to look at differences at individual subject level.
These applications include for example the development of a personalized stress
monitor that keeps track of stress levels over time. Although the amount of data
that was collected for each subject is limited, we performed a visual inspection on
the individual results. Some examples of the results that were found are discussed
in Section 3.3.7.
3.3 Results
After having measured 30 subjects, 22 EMG datasets were included in the analysis.
The other 8 were excluded due to bad signal quality (7 datasets) or distractions
during the experiment (1 dataset).
Some subjects were using the computer mouse with their right hand during the
stress conditions, whereas only the keyboard should have been used, like in the
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Table 3.2: Average values of the calculated features for 22 included signals for the
five different rest conditions R1–R5, the three different stress conditions S1–S3,
mean of the rest conditions, mean of the stress conditions, and differences between
stress and rest values. All values were calculated from the left trapezius muscle.
R1 R2 R3 R4 R5 S1 S2 S3 Mean
R
Mean
S
S−R
RMS
(%RVC)
11.3 14.6 11.6 13.7 13.4 15.7 15.1 15.9 12.9 15.5 +2.6
Static
(%RVC)
8.3 11.6 8.1 9.5 9.6 8.1 9.5 8.4 9.4 8.7 -0.8
Median
(%RVC)
10.0 13.7 10.8 12.0 12.7 15.4 14.8 14.8 11.8 15.0 +3.1
Peak
(%RVC)
16.3 18.8 15.4 18.9 17.8 23.9 19.9 22.7 17.4 22.2 +4.7
Gaps/min 8.8 5.0 4.8 7.8 7.7 6.6 4.2 6.4 6.8 5.7 -1.1
Relative
gaptime
(%)
44.7 32.3 47.5 41.2 42.7 28.5 20.7 33.1 41.7 27.4 -14.3
MNF
(Hz)
147.5 141.4 140.6 149.9 136.3 152.5 140.5 147.2 147.7 139.1 -8.6
MDF
(Hz)
112.7 107.7 106.1 116.1 102.8 119.8 106.0 112.4 113.7 105.0 -8.8
Trends
(%RVC/s)
∗10−3
-4.1 -29.6 -17.7 -73.6 -58.3 36.1 -2.7 -12.1 -36.7 7.1 +43.8
rest conditions. Therefore only signals from the left trapezius muscle were ana-
lyzed, because the movements of the right arm during the experiment could have
disturbed the EMG measurements of the right trapezius muscle. The values of the
different features were calculated for all five rest conditions and the three different
stress conditions. The average values of the calculated features for all included
subjects can be found in Table 3.2. Also, the mean values for the five rest con-
ditions, mean of the three stress conditions, and the difference between rest and
stress conditions are shown.
Results of the statistical tests can be found in Table 3.3. The obtained p-values for
the statistical tests performed among the rest and stress conditions are displayed.
Based on these results, the column Test shows which test was chosen for the
next test, which was used to find significant differences between stress and rest
conditions. The last column gives the p-values obtained from these tests.
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Table 3.3: Resulting p-values of statistical tests. Diff = difference; W = Wilcoxon
signed rank test; F4 = Friedman test with 4 different conditions; R = rest; S1–
S3 = stress conditions 1–3: Norinder test, IQ puzzles, memory test. Significant
differences (p < 0.05) are stated in bold.
Feature Diff. rest Diff. stress Test Diff. rest/stress
VAS stress 0.4047 0.2765 W 6.08 · 10-5
R and S
RMS 0.1239 0.5796 W 0.0262
R and S
Static 0.3084 0.0476
S2 and S3
F4 0.0384
S2 and S3
Median 0.4159 0.1947 W 0.0108
R and S
Peak 0.1137 0.9556 W 0.0081
R and S
Gaps/min 0.807 0.4706 W 0.4688
Relative gaptime 0.1372 0.0344
S1 and S2
F4 0.0006
R and S2
MNF 0.9825 0.1947 W 0.0186
R and S
MDF 0.7291 0.075 W 0.0221
R and S
Trends 0.1688 0.0326
S1 and S3
F4 0.0003
R and S1
R and S2
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Figure 3.3: Box plots of indicated stress levels during the five different rest con-
ditions R1–R5 and the three different stress conditions S1–S3. The value 0 corre-
sponds to “not stressed at all” and 10 to “extremely stressed”. The boxes extend
from the lower quartile to the upper quartile values and have a line at the median.
Values that lie at more than 1.5 times the interquartile range from the end of the
box are considered outliers and are displayed with +. Whiskers extend from each
end of the box to the largest and smallest datavalues that are not outliers.
3.3.1 Protocol Validation
To validate the newly designed stress protocol, an analysis was done on the ques-
tionnaire answers. In one of the questions of the self-report questionnaires, the
subject had to indicate his stress level on a VAS. Box plots of the answers given by
all subjects are shown in Figure 3.3. Looking at this figure, it is clear that stress
levels after stress conditions on average are higher than after rest conditions. As
can be seen in Table 3.3, a statistically significant elevation of stress level after
the stress tests was found, in relation to the rest conditions. This proves that the
stress levels of the subjects indeed increased due to the newly designed stress tests.
3.3.2 EMG Amplitude
Box plots of the values of the four calculated amplitude features during the eight
different rest and stress conditions are displayed in Figure 3.4. In the box plots,
relatively large interquartile ranges are visible. However, when looking at the
median values for RMS, median and peak load for the different conditions indicated
in the box plots, we see that the hypothesis of elevated EMG amplitude during
stressful situations seems to be confirmed. The amplitude values of rest 2 are
somewhat elevated, compared to the other four rest conditions which do not show
differences in median values. This could be explained by the fact that rest 2
started directly after the reference contraction. The muscles may not have been
fully relaxed yet after this contraction, resulting in higher EMG amplitudes.
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Figure 3.4: Box plots of four amplitude EMG features during the five different
rest conditions R1–R5 and the three different stress conditions S1–S3. Upper row
from left to right: RMS values and static load. Lower row: median and peak load.
For interpretation of the plots, see caption of Figure 3.3.
From the calculated RMS values, it becomes clear that RMS values are higher
during stress conditions than during rest conditions. The differences between rest
and stress conditions were significant, according to a Wilcoxon test on the RMS
values during rest and during stress conditions; see Table 3.3.
Our results show that static load is not a good indicator for stress level, since no
significant differences were found between rest conditions and any of the stress
tests. The median and peak loads give a better indication of the stress level.
Clear differences can be seen between the median values during rest and stress
conditions, as confirmed by the Wilcoxon signed rank tests.
3.3.3 EMG Gaps
Box plots of the values of the two calculated gap features during the eight different
rest and stress conditions are displayed in Figure 3.5. The first feature that was
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Figure 3.5: Box plots of two gap EMG features during the five different rest
conditions R1–R5 and the three different stress conditions S1–S3. Left: number of
gaps per minute. Right: relative time with gaps. For interpretation of the plots,
see caption of Figure 3.3.
extracted from the detected EMG gaps is the number of gaps that occur per
minute. It was expected that fewer gaps would occur during stress than during
rest. In the box plots, however, no clear differences can be found between the rest
and stress conditions. This is confirmed by the Wilcoxon signed rank test, as can
be seen in Table 3.3.
Also for the relative gaptime in the different conditions, it was expected that the
values would drop during stress conditions since fewer gaps should occur during
stress than during rest. Figure 3.5 seems to confirm this hypothesis, although large
interquartile ranges are observed, which indicate large variability among subjects.
As was seen before, the second rest condition shows a different behavior from the
other rest conditions, possibly due to influence from the reference contraction. The
Friedman test with one mean rest value and the three different stress values for
relative gaptime as inputs reveals a significant difference between rest conditions
and stress test 2, which consisted of the IQ puzzles.
3.3.4 EMG Frequency
Box plots of the two frequency features are displayed in Figure 3.6. Differences
between both MNF and MDF values for the different conditions seem to be small
(especially when compared to the interquartile range), but when zooming in, a
tendency can be found towards lower frequencies during stress conditions, com-
pared to rest conditions. Wilcoxon signed rank tests showed significant differences
between rest and stress conditions for MNF and MDF.
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Figure 3.6: Box plots of two EMG features from the frequency domain during
the five different rest conditions R1–R5 and the three different stress conditions
S1–S3. Left: mean frequency. Right: median frequency. For interpretation of the
plots, see caption of Figure 3.3.
3.3.5 Trends within Stress and Rest Conditions
For every condition, the obtained slope values are plotted in a box plot and dis-
played in Figure 3.7. The median values for stress conditions 1 and 2 are larger
than zero. The median value for stress condition 3 is slightly below zero. The
median values for the five rest conditions are all below zero. Based on these re-
sults, we can conclude that, on average, rest conditions show decreases in EMG
amplitude and stress conditions show increases.
There were no significant differences among the slopes of the fitted lines of the
five different rest conditions. There was a significant difference between the slopes
of stress conditions 1 and 3, which were the Norinder test and the memory task,
respectively. The Norinder test showed slopes that were higher than those that
were found during the memory task. Therefore, in the next Friedman test, the
slopes of the fitted lines of the five rest conditions were taken as one mean value and
the three stress conditions were analyzed separately. This test revealed a significant
difference between mean slope of the fitted lines during rest conditions and stress
condition 1 (Norinder test) and during rest conditions and stress condition 2 (IQ
puzzles).
3.3.6 Correlations of EMG with Questionnaires
Plotting all answers given for stress level against their corresponding RMS value
results in the picture displayed in the left panel of Figure 3.8. The data shows
that there is some positive correlation, which is also shown by the linear fitted line
that is plotted between the data points. The Spearman rank correlation coefficient
indeed reveals a significant (p = 1.1003 · 10−5) positive correlation of 0.3247.
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Figure 3.7: Box plots of mean slopes of linear fits on RMS values during the five
different rest conditions R1–R5 and the three different stress conditions S1–S3.
For interpretation of the plots, see caption of Figure 3.3.
Also, relative gaptime was compared to the answers given for the stress level. The
data points and a linear fitted line are displayed in the right panel of Figure 3.8.
A significant (p = 1.4018 · 10−5) negative Spearman rank correlation coefficient of
−0.3210 is found between the stress scores and their corresponding percentages
of time with EMG gaps. The correlation is similar in strength to the correlation
between RMS values and the answers given for “stressed”.
None of the calculated correlation coefficients between PSS score and RMS values
and PSS score and relative gaptime in the EMG signal reached significance. Gen-
eral stress state obtained by the PSS questionnaire was thus not related to the
values of these EMG features that were obtained during the experiment. Spearman
rank correlation coefficients were calculated between PSS score and the differences
between rest and stress conditions for RMS and relative gaptime. No significant
correlations were found here either.
3.3.7 Individual Results
The individual results of all 22 included subjects were visually inspected to check
for differences between rest and stress conditions. When looking at the results
in the different conditions for all subjects separately, a lot of variation is visible.
Some subjects show the expected pattern of elevated EMG amplitude and reduced
amount of EMG gaps during stress, compared to rest conditions; other subjects
show an opposite behavior, hardly a difference at all or exceptional high or low
values for some of the conditions. Only four subjects showed EMG responses as
expected for all conditions. Another eight subjects showed responses that were
partly as expected. These subjects only responded as expected to some conditions
or not for all features. The remaining ten subjects did not respond as was expected.
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Figure 3.8: Left: Indicated VAS scores for stress levels during all five rest condi-
tions and three stress conditions versus the RMS values during the corresponding
conditions. Right: Indicated VAS scores for stress levels and relative gaptime for
the corresponding conditions.
Figure 3.9 shows examples of EMG signals of two subjects, of which the upper
signal shows the expected reaction and the lower signal shows no clear stress reac-
tion. The indicated stress levels and the calculated peak load, relative gaptime and
mean frequency during the different rest and stress conditions for these subjects
are shown in Figures 3.10 and 3.11, respectively. In the upper panel of Figure 3.9
we see that during the stress conditions, the amplitude of the EMG signal is higher
than during the rest conditions. In Figure 3.10, we see elevated stress levels in-
dicated by the subject and we see these differences in stress level reflected in the
EMG features derived from the EMG signal. Peak load is higher during stress
than during rest. Relative gaptime and mean frequency are lower during stress
conditions, compared to rest conditions. In the lower panel of Figure 3.9, no clear
pattern of differences between rest and stress conditions is observable. In Fig-
ure 3.11, we see elevations of stress level during stress test 1 and 2 indicated by
the subject himself. However, in the features derived from the EMG signal, no
clear differences can be found between rest and stress conditions.
3.4 Discussion
3.4.1 Contribution of This Work
The first goal of this study was to propose and validate a new protocol for stress
induction in situations mimicking daily work. The second goal was to confirm
that stress can be detected from amplitude and temporal features of the EMG of
the upper trapezius muscle. Third, two features of the frequency spectrum were
analyzed to investigate if stress influences frequency components of the EMG.
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Figure 3.9: Upper panel: EMG signal of one of the subjects who did respond as
expected. Lower panel: EMG signal of one of the subjects who did not respond
as expected. The signals were filtered as described in Section 3.2.5. The refer-
ence contraction (RVC) and the different rest and stress conditions are indicated
with vertical dashed lines. Every condition starts at the dashed line with a label
mentioning the condition and ends at the next dashed line.
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Figure 3.10: Values of indicated stress levels and three EMG features during the
five different rest conditions R1–R5 and the three different stress conditions S1–S3
for one of the subjects who did respond as expected. Upper row from left to right:
VAS score for stress level and peak load. Lower row: relative gaptime and mean
frequency.
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Figure 3.11: Values of indicated stress levels and three EMG features during the
five different rest conditions R1–R5 and the three different stress conditions S1–S3
for one of the subjects who did not respond as expected. Upper row from left to
right: VAS score for stress level and peak load. Lower row: relative gaptime and
mean frequency.
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Fourth, it was investigated if there are trends over time in the EMG signals.
Finally, the data were checked for correlations between perceived stress level and
EMG features.
Our first goal was to propose and validate a realistic new protocol for stress in-
duction. According to the results of the analysis on the indicated stress levels of
subjects, we succeeded in reaching this goal. Subjects indicated to have signifi-
cantly higher stress levels directly after the stress conditions than after the rest
conditions. This new protocol can be used in future studies to induce stress that
is similar to daily work stress.
For all of the investigated EMG features, values found during the five different rest
conditions were similar, as was expected. Some differences were found among the
three different stress conditions: for static load between stress tests 2 and 3 and
for relative gaptime between stress tests 1 and 2. These differences indicate that
reactions to the different stress tests were not the same for all three tests. The
actual differences in physiological reaction between those tests are unclear, so no
statements can be made at this stage about the reason behind these differences. A
significant difference was found between mean rest values and mean stress values
for RMS, median load and peak load, which shows a relation between stress level
and amplitude of the EMG signal. At this point, it is difficult to draw conclusions
about the differences between these amplitude features and to tell which feature
would be the best predictor for stress level. Further research is needed to inves-
tigate the different physiological aspects of the EMG that the different features
are showing and to investigate which one would be the most suitable for measur-
ing stress level. The number of EMG gaps per minute is not a good indicator
for stress, but in the relative gaptime a highly significant difference between rest
conditions and stress test 2 was found. Probably a combination of one of the am-
plitude features mentioned before and the relative time with gaps could be used
as a predictor of stress level.
We found indications that the frequency spectrum of the EMG signal shifts towards
lower frequencies during stress. This phenomenon is similar to what happens to the
spectrum when a muscle gets fatigued. This is caused by a physiological response
to fatigue in which the muscle fiber conduction velocity decreases [116]. We believe
the results we found are not caused by fatigue. The frequency values decreased
during stress, but not during the rest periods that were also part of the protocol. If
the changes would have been caused by fatigue due to the physical effort of sitting
behind a desk, the effect should have stayed during the rest conditions. Stress
could induce physiological responses in a muscle that are different from fatigue,
which could result in a similar shift of the spectrum to the lower frequencies.
Our fourth goal was met, because we found that, on average, the amplitude of
the EMG signal decreases during rest conditions and increases during stress con-
ditions. This leads to the conclusion that the reaction to stress and the relaxation
afterwards do not occur instantaneously, but are changing gradually by time. The
negative slopes during rest conditions are more pronounced than the slopes during
stress conditions. This could be an indication that the relaxation process during
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rest conditions occurs more gradually than the process in which tension is built
up during stress conditions.
Finally, correlations were found between RMS values of the EMG signal and the
stress levels indicated by the subjects themselves and between the relative gaptime
and the indicated stress levels. This is as was expected and indicates that when
subjects feel more stressed, this is reflected in the EMG features. No significant
correlations were found between PSS score and different EMG features. A reason
for this could be the variation in EMG signals among different subjects. Due to
this variation, no absolute stress level can be extracted from the EMG signals.
However, also for the differences in EMG feature values between rest and stress
levels per subject, no correlations were found between PSS score and these differ-
ences. So subjects with a high PSS score do not show higher or lower increases in
muscle activity during stress conditions than subjects with a low PSS score.
3.4.2 Comparison with Previous Work
Looking at other reports on the effect of mental stress on muscles, the results
that were found in our experiment are quite similar to what was found before. In
our experiment, different ways to induce stress were used compared to the other
experiments. With our tests, the first step towards more realistic and daily life
stress situations was made. Doing the Stroop test or calculations on one hand,
as was done in tests used in previous experiments, and solving small problems or
trying to remember things for colleagues on the other hand, as was done in our
experiment, were proven to show similar stress reactions.
Krantz et al. [85] reported EMG levels as percentage of a reference contraction of
the shoulder muscle of the arm that was not used during the experiment, compa-
rable to what was done in our experiment. The difference that Krantz et al. found
between rest and mental stress conditions is about 5% of the RVC. The mean
difference that was found in our experiment was only around 2.5% of the RVC. It
may be that Krantz et al. managed to induce more stress than was induced in our
experiment. However, the difference could also be caused by other factors or just
be arisen arbitrarily.
Both Laursen et al. [93] and Schleifer et al. [142] performed analysis on EMG
gaps during stress. Huge differences are found in the values for the number of gaps
that were detected per minute. These differences could be caused by the fact that
Laursen et al. used another definition of an EMG gap than the definition used in
our experiment, which is the same as was used by Schleifer et al. This makes it
hard to compare gap rates found in different experiments. Related to this is the
difference in relative time with EMG gaps that was found by Laursen et al. and the
values that were found in our experiment. Laursen et al. found a relative gaptime
of 68% in rest and 33% during stress; in our experiment mean values of 42% in rest
and 27% during stress were found. The values cannot be compared to each other
directly, but still it seems that Laursen et al. found a bigger reaction to stress in
the relative gaptime than what was found in our experiment. The relative gaptime
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that Laursen et al. found during stress is less than half of the value found in rest.
In our experiment the value drops “only” 36% from rest to stress.
Larsson et al. [92] did not find differences in mean frequency of the EMG, whereas
in our experiment the mean frequency during stress was significantly lower than
during rest.
3.4.3 Limitations of This Work
There are some limitations of our work. First of all, the subject was in a static
position during the protocol. No physical activity was involved in the protocol.
This makes the conditions difficult to compare to a daily life environment. We did
not include physical activity in our protocol, because it would have interfered with
the stress-related EMG reactivity in the muscles. This interference would have
made our analysis too complicated at this point. Extending the environment to a
more daily life environment is a point for future work.
Our subject group was relatively small. The available data for analysis was only
from 22 subjects. A bigger subject group would be needed to confirm our findings.
However, most of our results are in line with results found in literature. This
indicates that our results could be generalizable to a wider population.
The newly designed stress protocol was validated by questionnaire answers only.
Other authors have used hormone levels to validate stress protocols. For exam-
ple, for the Trier Social Stress Test (TSST), adrenocorticotropin, cortisol, growth
hormone and prolactine were used for validation [79]. The use of hormone levels
could have strengthened the conclusions on the validation of the protocol. Valida-
tion of the TSST also included analysis of heart rate changes. We do not want to
rely on heart rate for validation of our protocol. However, as we recorded heart
rate during the experiments, we analyzed the heart rate changes during our stress
tests. A significant difference in heart rate from rest to stress conditions was found
(p = 1.36 · 10−4) [Unpublished work]. This finding adds some confidence that the
protocol indeed induced stress in subjects.
3.4.4 Future Work
For all eight features that were derived from the EMG, relatively large variability is
observed in the values for these features among the different subjects. Despite the
normalization of EMG amplitude to the reference contraction, it is visible in the
box plots in Figures 3.4 and 3.5 that interquartile range is relatively large. Also,
in Figure 3.6, the ranges of observed mean and median frequencies are relatively
large. The data points collected during rest conditions show large overlap with
those collected during stress. This suggests, in general, that amplitude, temporal
and frequency features of the trapezius EMG, when normalized by the reference
contraction, are not suitable for statistical classification between rest and stress
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conditions. Whereas the statistical tests that were performed clearly show differ-
ences between rest and stress EMG on group level, statistical classification focuses
on recognizing different conditions on an individual basis. Due to the variability
among the subjects, calculation of an individual real time, absolute stress level is
not possible yet either. Future work should focus on finding a better normalization
method. If good normalization is not possible to achieve, another way to deal with
subject variability in EMG features has to be found. For example a calibration
step for each subject could be included in the procedure.
We know that EMG is influenced by many other factors, apart from stress. Static
factors like body morphology and dynamic factors like posture and movement
influence the recorded EMG signals possibly even more than stress. Therefore it
is very difficult to take the measurements out of the laboratory into uncontrolled
environments. Physical activity will have huge influences on the EMG signals. A
simple normalization step like we did does not seem to compensate for all these
factors. Future work must include further investigation into these factors and how
to compensate for variations in EMG that are not related to stress. Probably it is
needed to retrieve context information on these factors from the environment and
from the body.
Furthermore, it might be useful to look at more individual trends next to analysis
on group level. To do this, more data is needed per subject to be able to compare
a subject’s data to his own baseline data. By performing analysis on individual
level, compensation for subject specific factors that influence EMG would not be
needed anymore.
Finally, whereas we looked at individual EMG features in our analysis, a better
stress level estimation could be made by combining multiple features in one stress
measure. Even other physiological features, like heart rate, respiration rate and
skin conductance level, could be included in such a stress level estimation.
A good stress level estimation facilitates stress detection at an early stage. Feed-
back can be given to the user about his increasing stress level. If the user reacts
to the feedback and changes his behavior accordingly, musculoskeletal and other
stress-related disorders can be prevented.
3.5 Conclusions
First, we presented and validated a new protocol for stress induction in situations
mimicking daily work. Secondly, it was confirmed that stress changes amplitude
and temporal features of the EMG of the upper trapezius muscle. Thirdly, two
frequency features were analyzed and it was shown that stress influences frequency
components of the EMG. Fourth, trends during stress and rest conditions were
found for EMG amplitude. Finally, correlations between subjectively indicated
stress levels and features derived from the EMG were found.
The new protocol showed statistically significant increases in stress level due to
67
Chapter 3
newly designed stress tasks. A statistically significant relation was found between
stress level and a number of features extracted from EMG signals of the upper
trapezius muscle. Amplitude of the EMG signal is significantly higher during
stress conditions than during rest conditions. For the relative gaptime a highly
significant difference between rest conditions and one of the stress tests was found.
In the frequency domain, significant increases of the lower frequency contents in the
EMG were observed during stress. The amplitude of the EMG signal increases
during stressful conditions and decreases again during relaxation periods. The
stress levels indicated by the subjects correlate with the amplitude of the EMG
signal (RMS) and correlate negatively with the gaps occurring in the EMG signal.
To be able to classify EMG signals into rest or stress conditions, or to calculate
real time stress levels, it is necessary to find a good way of normalization of EMG
signal amplitude. A better normalization method might reduce the variability of
the features and thus improve statistical classification performance. Also, analysis
on individual subject level rather than on group level is likely to improve results.
When this is achieved, a combination of several amplitude, gap and frequency
features promises to form a reliable basis for calculation of stress levels. In future
work, EMG may be combined with other physiological signals to provide a more
robust reliable measurement of stress. A reliable stress level measurement is useful
in preventing stress-related disorders like musculoskeletal problems.
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Wearable Physiological Sensors Reflect Mental
Stress State in Office-Like Situations
Timely mental stress detection can help prevent stress-related health problems. The
aim of this study was to identify those physiological signals and features suitable for
detecting mental stress in office-like situations. Electrocardiogram (ECG), respira-
tion, skin conductance and surface electromyogram (sEMG) of the upper trapezius
muscle were measured with a wearable system during three distinctive stress tests.
The protocol contained stress tests that were newly designed to represent office-like
situations. Two analysis methods were compared: Principal Component Analysis
(PCA) and Generalized Estimating Equations (GEE). With PCA, we reached a
classification rate of 79.3% between rest and stress conditions of our protocol using
a Fisher’s Least Square Classifier. Using GEE, on average 74.5% of the cases in
the dataset were classified correctly. It should be investigated if these approaches
could be used for continuous stress measurement in daily office life to help detect
various stress situations at an early stage.
Based on: J. Wijsman, B. Grundlehner, H. Liu, H. Hermens and J. Penders. Towards Mental
Stress Detection Using Wearable Physiological Sensors. 33rd Annual International Conference
of the IEEE EMBS, 2011 & J. Wijsman, B. Grundlehner, H. Liu, J. Penders and H. Hermens.
Wearable Physiological Sensors Reflect Mental Stress State in Office-Like Situations. Humaine
Association Conference on Affective Computing and Intelligent Interaction, pages 600–605, Sept
2013.
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4.1 Introduction
Stress is a major and increasing problem in today’s society. Stress, depression and
anxiety together are the second most frequently occurring work-related health
problems in the European population. Of sickness absences of one month or more,
25% is caused by stress, depression or anxiety [48]. In the US, 30–40% of employees
report their job as stressful and the number of lost work days due to anxiety, stress,
and neurotic disorders is four times higher than other nonfatal injuries and illnesses
[122].
Stress activates the Sympathetic Nervous System (SNS) [162]. Activation of the
SNS stimulates sweating, accelerates the heart rate and increases muscle activa-
tion, for example [57, 107]. Chronic mental stress results in chronic SNS activation
and this can cause health problems such as hypertension, cardiovascular diseases,
increased likelihood of infections and depression [153, 147, 162].
Stress-related health problems could be prevented by detecting stress at an early
stage, but this requires that stress can be assessed in an objective and quantitative
way. One approach to detect mental stress is by measuring relevant physiological
parameters, such as muscle tone, heart rate, heart rate variability, skin conduc-
tance and eye pupil diameter; see for example [65, 105, 130]. Combinations of
several features from these physiological parameters differentiate between stressful
and non-stressful situations; see for example [29, 58, 62, 63, 149, 174, 175].
Recent developments in wearable and wireless health monitoring systems facilitate
long-term measurement of physiological signals. Body sensor networks can be used
to continuously monitor a number of physiological parameters. Mental stress levels
could be continuously calculated and updated using these parameters. When real-
time stress levels can be estimated robustly, feedback can be provided to the users.
The users can change their behavior according to the feedback. In this way a stress
monitoring system can prevent health problems caused by chronic stress or it can
make chronic disease management possible.
In current stress research, mental stress is often artificially induced in a controlled
setting. The Stroop color word test or mental arithmetic tasks are the most popu-
lar ways to induce mental stress in these studies. These tests can be very stressful,
but do not simulate situations that are encountered in daily life. Besides, usually
one type of stressor is used in a study; in daily life typically various stressors are en-
countered. Therefore we developed and used a new protocol, which was designed
to include various realistic stress situations. The protocol has been previously
reported and validated using questionnaires (see Chapter 3).
In Chapter 3, we reported on the reaction of the trapezius muscle surface elec-
tromyography (sEMG) signal, from now on referred to as electromyography (EMG),
on our protocol. In our study, we collected four physiological signals: electrocar-
diogram (ECG), skin conductance (SC), respiration and EMG of the trapezius
muscles. Although, as mentioned before, several studies have investigated the ad-
vantages of combining various physiological signals for stress detection, this exact
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set of signals is not commonly used. Healey and Picard [62, 63], however, used
the same set of signals as we did. They collected physiological data from subjects
driving a car and showed a nice example of a study involving a daily life stressor.
The goal of the current study was to identify those physiological signals and fea-
tures that show the most distinct reaction to the various mental stress situations
in our protocol.
Many studies apply statistics to their data to investigate any significant differences
between the various conditions of their protocols. However, we use classification to
actually classify the data points into one of the conditions. This approach is more
relevant for stress detection on an individual basis in the future. It is relevant
to know if an individual using a stress detection system is stressed, rather than
knowing if there are differences between a group of stressed persons and a group
of non-stressed persons.
The main contributions of this paper are as follows: (i) we propose a set of nine
physiological features, from four different physiological signals, contributing to
the stress response; (ii) we demonstrate the possibility to classify mental stress
from rest conditions using these features; and (iii) we show evidences that the
four physiological signals all contribute to the identification of stress in a robust
manner.
4.2 Methods
4.2.1 Experimental Protocol
The experimental protocol is only discussed briefly here. For a detailed descrip-
tion of the protocol, and a validation that stress was actually induced, based on
questionnaire answers, the reader is referred to Chapter 3.
A total number of 30 subjects were recruited for the experiment. Subjects had to
be aged 18 or older and English-speaking. Subjects with muscle disease, cardiac
problems or mental disorders such as depression or anxiety were excluded. The
ages of the subjects ranged from 19 to 53 (mean = 33.1; SD = 7.9); 25 subjects
were male and 5 were female. All subjects were right-handed. Although there
are some indications that women and men react differently to stress (e.g. [85]),
the subject group was too small to investigate the differences between men and
women. Therefore the subject group was analyzed as a whole.
The test was performed via a PC in a quiet room with as few distractions as possi-
ble (Figure 4.1). The subject had a mouse and keyboard available for completing
the questions and tests involved in the protocol. The sounds involved in the pro-
tocol were played through headphones. A video camera was set up in the room to
suggest that the subject would be videotaped during the protocol.
We developed an experimental protocol to study physiological responses to stress
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Figure 4.1: Experiment room.
situations similar to stressors encountered in daily office life. The experimental
protocol is illustrated in Figure 4.2.
In the initialization phase of the protocol, the subject answered some general ques-
tions and completed the perceived stress scale (PSS) questionnaire [31]. Then a
rest period was scheduled and the subject completed the first self-report ques-
tionnaire. In this questionnaire, the subject indicated his/her emotional state on
visual analogue scales (VAS) by answering 10 questions about 10 different discrete
emotions. The scales ranged from “not at all” to “extremely”. One of the emo-
tions was “stressed”. Then the subject performed a reference contraction of the
shoulder muscles, followed by another rest period and questionnaire.
In the stress phase, every subject was exposed to three different stress conditions:
a calculation task (the Norinder test [103], 2:30 min), a logical puzzle task (3:00
min) and a memory task (approximately 5:00 min). All three tasks were done un-
der time pressure and with distracting news fragments that were played through
headphones. Social pressure was induced in the memory task by telling the sub-
jects that their performance would be included in a group result and published to
colleagues afterwards. To invoke extra stress, the subject was recorded on video
during the memory task as well. It was told that this was done for analysis after
the experiment. The order of the three tests was randomized among the sub-
jects to minimize crossover effects. Two-minute resting periods were scheduled in
between the stress conditions to let the subject return to baseline physiological
and psychological states. The subject heard classical music during these periods.
There was some physical activity involved in the rest periods that consisted of typ-
ing numbers on the keyboard. This activity was similar to the expected activity
during the stress conditions. Self-report questionnaires had to be completed both
before and after each stress and rest condition. The results of these self-reports
were used to validate that we actually induced stress with our protocol; for details
see Chapter 3.
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Figure 4.2: Schematic overview of the procedure of the stress experiment. The
procedure starts with an initialization phase. The stress phase consists of three dif-
ferent stress conditions, with rest periods and self-report questionnaires scheduled
in between. PSS: Perceived Stress Scale.
The entire experimental protocol was implemented in a MATLAB interface. Once
the interface was started, the whole experiment proceeded automatically for about
40 minutes, until the subject finished the last questionnaire. Automated event
marking allowed accurate mapping of the various conditions on the recorded sig-
nals.
4.2.2 Physiological Recordings
The physiological signals were recorded with a wireless body sensor network based
on the body area network platform developed within the Human++ program
in Holst Centre/imec [20]. The body sensor network facilitated synchronization
of all sensors and accurate mapping of the different phases of the test protocol
on the signals. Signals were recorded on a micro SD card. One-lead ECG and
respiration were recorded at a sampling frequency of 250 Hz using a wireless chest
belt. A wireless hand sensor recorded SC with a sampling frequency of 100 Hz.
Bipolar EMG signals were measured from the upper trapezius muscles of both
shoulders. Two electrodes were placed on the trapezius muscles in the position
as described by SENIAM [148]. A reference electrode was placed on the spinous
process of vertebra C7. The electrodes were connected to wireless EMG sensor
nodes recording at 1000 Hz. More details about the procedure of EMG recording
can be found in Chapter 3.
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4.2.3 Signal Processing and Feature Extraction
An overview and description of the features that were calculated from the measured
signals is shown in Table 4.1. The features were chosen based on the results
discussed in Chapter 3 and literature on stress detection from physiological signals
(see for example [84, 58, 63, 149, 174]).
For detection of skin conductance response rate (SCRR), the SC signals were
smoothed using a 3s moving average filter. SC responses were defined as peaks
that followed a derivative value of at least 0.0093 µS/s. This value was empirically
found to best detect the responses. Before calculating the signal power in the
second difference of the SC signal (SCdiff2), the SC signals were smoothed using
a 5s moving average filter. Ohmic Perturbation Duration (OPD) of the SC is
defined as the relative time of responsiveness. It varies between 0 and 1 and
indicates the relative time that the second difference of the SC signal exceeded a
certain threshold. See also [58]. Respiration frequency (RespFreq) was determined
as the main frequency component of the power spectral density of the respiration
signal below 1 Hz. EMG features were calculated from the signals of the left
shoulder. The user gave all input during the rest and stress conditions using the
numeric keypad with the right hand. The left arm did not move at all during the
entire protocol and therefore no movement interference was expected in the EMG
signals of the left side. More details of the calculation of the EMG related features
can be found in Chapter 3.
Because a large variability in physiology between the subjects is expected, the
feature values were normalized first. The following procedure was followed. All
features were calculated over a sliding window of 120s that moved over the signals.
The length of the window was equal to the length of the shortest condition: the
two-minute rest condition. For most of the features, the window moved in steps
of 1s. We believed that a smaller step size would not have led to more accurate
results, because we assume that stress levels are not changing within fractions
of seconds. For heart rate (HR) and standard deviation of interbeat intervals
(SDNN) the window moved from beat to beat. For every position of the window,
one value was calculated for each feature for that particular time window. The
obtained feature values were normalized by calculating the z-score as follows:
z =
(x− x¯)
s
(4.1)
With x being the original feature value, z the normalized value, and x¯ and s
the mean and standard deviation of the feature values over the entire recording,
respectively.
After this normalization step, we chose to analyze one average value per rest or
stress condition and not to investigate the variability of the feature values during
the various conditions. For rest conditions, we used the normalized value for the
120s time window exactly overlapping the rest condition. The stress conditions
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Chapter 4
all lasted longer than 120s. We assumed that stress would build up during the
stress conditions and therefore used the normalized feature values calculated over
the last 120s of these conditions for our analysis.
4.2.4 Analysis Methods
Reduction of Feature Set
A total of 19 features were extracted from four physiological signals. It was ex-
pected that some of these features would show high correlations, since they are
based on the same physiological processes. This introduces redundancy in the
dataset and multicollinearity among the features. A selection was made based on
the correlations and prior knowledge from a literature study to reduce the number
of features and construct a non-redundant feature set for further analysis. Select-
ing this subset of features also reduced the number of features that needed to be
calculated from the data. In a future application of a stress monitoring system
this will save processing time and power.
Principal Component Analysis
Next, PCA was applied to the feature subset. The number of principal compo-
nents (PCs) was chosen such that at least 90% of the variance was explained.
These PCs were used to classify the three stress conditions and the three following
rest conditions. A 5-fold cross-validation was performed five times to evaluate
the classification performance. The average and standard deviation of the error
rate over all classifications was calculated. Four different classifiers were used
to investigate the differences in performance: a Linear Bayes Normal Classifier, a
Quadratic Bayes Normal Classifier, a K-Nearest Neighbor Classifier, and a Fisher’s
Least Square Linear Classifier.
Generalized Estimating Equations
Apart from PCA, GEE was applied to the feature subset as a second analysis
approach. We combined the results of the three different stress conditions and
therefore our dependent variable is binomial; it has only two states: “rest” and
“stress”. Uncorrelated binomial data could have been analyzed with logistic re-
gression, which is a generalized linear model (GLM). However, our dataset contains
repeated measures and therefore data points of the same subject are likely to be
correlated. We used GEE, because it represents an extension of the GLM to ac-
commodate correlated data. A GEE model with binomial distribution and logit
link function was chosen. The order of the three stress tests was randomized, so an
exchangeable working correlation matrix was chosen. The analysis was performed
using software package “IBM SPSS Statistics 20”.
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Manual backward feature selection was used to select the best features for dif-
ferentiation between the rest and stress conditions. The selection was based on
significance of the Wald Chi-Square tests of the coefficients. In every step, the
parameter with the largest significance value was removed from the model. While
selecting features, the goodness-of-fit statistic (Corrected Quasi Likelihood un-
der Independence Model Criterion) was monitored. This statistic should become
smaller after every step.
As a training set, 80% of the stress cases and 80% of the rest cases were selected
randomly. The other 20% of the stress and rest cases were used as the test set.
This splitting procedure was done five times to check if the results obtained with
different training and test sets would be consistent.
Using the coefficients obtained by the GEE analysis, the odds of certain normalized
feature values to be measured during a stress condition were calculated, using:
odds = e
∑n
k=1
Bk·xk (4.2)
n is the number of features, Bk is the coefficient for feature k and xk is the
normalized feature value of feature k. The probability p was then calculated from
the odds as follows:
p =
odds
1 + odds
(4.3)
So the outcome of the GEE procedure was a probability between 0 and 1 for each
case of being a stress condition. With a cutoff value of 0.5, cases were classified
into rest or stress conditions.
4.3 Results
4.3.1 Population
A number of subjects were excluded from analysis because of poor signal quality
(1 poor respiration signal, 5 poor SC signals, 5 poor EMG signals; 9 subjects
excluded), incomplete data due to failing sensor nodes (2 subjects), or distractions
due to other people being present in the room during the experiment (1 subject).
Exclusion of these subjects left 18 full recordings of good quality.
4.3.2 Feature Selection
The absolute correlation values among the 19 normalized features are shown in Fig-
ure 4.3. High correlations were found for some features. For example, SDNN, low
frequency (LF), and high frequency (HF) heart rate variability correlate strongly
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Figure 4.3: Absolute correlation values among the features. The feature numbers
correspond to the numbers in Table 4.1.
as do RMS of the EMG signal (RMSEMG), static load, median load, and peak load
of the EMG signal. Mean EMG frequency (MNF) and median EMG frequency
(MDF) are also highly correlated.
Based on these correlations and on prior knowledge, a subset of 9 features was
chosen that did not include absolute correlation values higher than 0.6 between
features:
HR Does not correlate strongly to any other feature and has shown to react to
stress in many other studies (see for example [85]).
SDNN Was chosen from the cluster SDNN, LF, HF, LFHF. SDNN gave promis-
ing results in earlier research [58].
SCL Does not correlate strongly with other features, so this feature is included
by itself.
SCRR Does not correlate strongly with other features, so this feature is included
by itself.
SCdiff2 Correlated strongly with OPD; SCdiff2 was chosen arbitrarily from the
two.
RespFreq Does not correlate strongly with other features, and might be indica-
tive of stress.
Peak Was chosen from RMS, Static, Median, Peak; Peak load gave the best result
from this subset in our earlier analysis on EMG signals (Chapter 3).
Gaptime Showed promising results in our earlier analysis (Chapter 3).
MNF Gave a slightly better result than MDF in our earlier analysis (Chapter 3).
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Figure 4.4: Contribution of the nine features to the first and the second principal
component.
Table 4.2: Error rates, standard deviations and classification results with four
different classifiers
Classifier Error rate SD Correct (%)
Linear Bayes Normal 0.2167 0.0250 78.33
Quadratic Bayes Normal 0.2222 0.0207 77.78
K-Nearest Neighbor 0.2370 0.0168 76.30
Fisher’s Least Square 0.2074 0.0140 79.26
4.3.3 Principal Component Analysis
The subset of 9 features was used for PCA. The contributions of all features to
the 1st and 2nd PC are graphically displayed in Figure 4.4. The 1st to the 7th PC
were selected for further analysis as together they explain 93.6% of the variance.
These seven PCs were input for classification between three rest and three stress
conditions, treated as two classes. The guessing rate for this classification problem
was thus 0.5. The standard deviation (SD) of the error rate gives information about
how constant the error rate is. The resulting error rates, SDs and classification
percentages are listed in Table 4.2.
4.3.4 Generalized Estimating Equations
We used a manual backward feature selection procedure to select the best fea-
tures for GEE. Four features (Peak, SCRR, SDNN, MNF) were removed from the
analysis. Removing the fifth feature (HR), caused the goodness-of-fit statistic to
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Table 4.3: GEE coefficients C1–C5 for the selected features
Feature C1 C2 C3 C4 C5
HR 0.376 0.277 -0.221* 0.121 0.615
SCL 0.817* 0.871* 0.884* 0.411* 0.959*
SCdiff2 1.391* 1.406* 0.641* 0.638* 1.177*
RespFreq 1.122* 0.813* 0.525* -0.126* 1.360*
Gaptime -1.163* -1.090* -0.086 0.183* -0.895*
Intercept -0.151 -0.021 -0.045 0.082* -0.135
* p<0.05 Wald Chi-Square test
Table 4.4: Classification results from GEE on the test sets
Set 1 Set 2 Set 3 Set 4 Set 5 Average (%)
Rest 100.0 81.8 63.6 63.6 90.9 80.0
Stress 63.6 81.8 63.6 63.6 72.7 69.1
Overall 81.8 81.8 63.6 63.6 81.8 74.5
increase, so we decided to keep HR in the model. It had a significance value of
0.103, which is anyway very close to the 0.10 threshold that is commonly used in
feature selection procedures.
The five selected features and their coefficients for the different training sets are
listed in Table 4.3. The coefficients of SCL and SCdiff2 are all positive and sig-
nificant. Also the HR and RespFreq coefficients are positive for four out of five
training sets. These results confirm the expectations that raised from literature,
suggesting that all four features are positively related to stress. The coefficients
of Gaptime are negative in four out of five training sets. This indicates that a
decrease in Gaptime corresponds to an increase in stress level, as was expected.
Using the calculated probabilities for each case and taking a cutoff value of 0.5,
each condition could be classified either in a stress or in a rest condition. The clas-
sification results for the five test sets (22 cases in each set) are shown in Table 4.4.
There were some variations in the results among the different test sets. On aver-
age, 80.0% of the rest cases and 69.1% of the stress cases were classified correctly.
Overall, 74.5% of the test set cases were classified in the correct condition.
4.4 Discussion
The goal of this study was to identify those physiological features that show distinct
reactions to mental stress in office-like situations. We measured ECG, respiration,
80
Wearable Physiological Sensors Reflect Mental Stress State in Office-Like
Situations
SC and EMG signals during stress and rest conditions. We selected nine non-
correlating features from these four signals and analyzed the changes in feature
values that were caused by stress. Using seven PCs, the percentage of correctly
classified stress and rest cases was 79.3%. Secondly, using GEE, we reduced the
feature set to five features and on average 74.5% of the cases of the test set were
classified correctly into a rest or stress condition. Both results are higher than
the guessing rate of 50%. Although there is not much difference between the
results, the PCA approach performed slightly better than the GEE approach.
However, the GEE approach only used five features, instead of seven PCs from
nine different features in PCA. Using fewer features is an advantage, as especially
in small datasets it is preferred to use as few features as possible to avoid the
curse of dimensionality. Also, calculating fewer features saves processing time and
power.
The fact that all nine features contributed to the first and second PC, see Fig-
ure 4.4, shows that all features contain information. Also, the five features selected
for GEE were spread over the four different signals. Both observations point to
the benefits of multi-signal data collection and analysis. Apparently, all signals
contributed to the global stress reaction and together facilitated robust stress de-
tection.
In Table 4.4, we can see that the rest cases are more often classified correctly than
the stress cases. A similar phenomenon was observed in the PCA approach. It
seems more difficult to detect stress from physiological signals than to identify that
someone is at rest. A possible explanation can be found in the stress levels that
subjects indicated during the study. Subjects reported low stress levels during
the rest conditions, whereas during the stress conditions the reported stress levels
covered a larger range (see Figure 3.3). This means that not all subjects indicated
high stress levels during the stress conditions. So although it was proven in Chap-
ter 3 that on group level, the stress conditions were perceived more stressful than
the rest conditions, this did not hold for every single case. In future work, the
individual subjective stress levels should be taken into account in the analysis of
the physiological data to get to more personalized stress estimations.
Compared to other papers on classification of mental stress situations, our clas-
sification results were relatively low. Classification accuracies of other studies we
found range from 80% [175] to 97.4% [63]. However, most other studies only used
one type of stressor in their protocols and therefore they were able to tune their
algorithms to detect the specific reaction induced by that stressor. In our study,
three different stressors were used that were all included in the analysis. Still, an
accuracy of 79.3% was achieved with PCA using a Fisher’s Least Square Classi-
fier in differentiating these three mental stress conditions from rest conditions. A
similar study like ours was done by Choi et al. [29]. Their protocol consisted of
five different stress conditions, interleaved with deep breathing relaxation periods.
They used four features extracted from skin conductance, respiration and heart
rate in a logistic model to classify between rest and stress conditions. Choi et al.
obtained a classification accuracy of 81%, which is comparable to our results and
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confirms the validity of our results.
The study presented in this paper has the following limitations. Our normalization
method worked well for this analysis and we obtained good classification results.
However, this method of normalization is not practical for real-time use of the
system, because it needs a signal of several minutes including both rest and stress
conditions. Clearly, it is preferable to have only a short calibration measurement
that is sufficient for normalization of all future recordings. A special protocol could
be developed to achieve that. Such a protocol should include baseline recording
and also a stressor to be able to normalize for the reactivity to stress.
The entire protocol was performed in a controlled environment. To facilitate future
use of a stress measurement system, recordings should be made in uncontrolled,
real-life environments. In uncontrolled environments, many factors other than
stress influence physiology. This complicates the data analysis. We need to be
able to distinguish between changes in physiology due to stress and changes due
to other factors. Creating context awareness by monitoring environmental factors
and activity will be needed to deal with these factors and to be able to identify
stress levels from the physiological signals.
The classification approach we took fits the context of long-term, real-time, con-
tinuous stress monitoring, which will be needed for many of the future applications
of stress measurement. We want to be able to determine if a person is stressed or
not, at any point in time. This information can be used in systems giving personal
feedback about stress levels. We think that especially GEE is a useful method to
achieve this goal. It is relatively straightforward to calculate a probability from
a set of feature values, once the coefficients are determined. In combination with
the sliding window, the calculated probabilities might be used as a continuous
measure of stress level on a scale from 0 to 1. Of course, this hypothesis will need
to be validated first.
In the future, we will continue towards developing methods for long-term phys-
iological monitoring with real-time stress level calculation. A small and non-
obtrusive sensor system can be used on a regular, or even daily, basis to monitor
stress levels, for example in office environments. When the stress level can be
calculated in real-time, direct feedback can be given to the user to help him/her
regulate his/her stress level by keeping it in an optimal range.
4.5 Conclusions
We recorded ECG, SC, respiration and EMG signals during a protocol designed
to include realistic office-like stress situations. We used these signals for multi-
modal stress detection. We achieved a classification rate of 79.3% using PCA and
a Fisher’s Least Square Classifier and 74.5% using GEE. The PCA approach re-
sulted in a higher classification rate, but the GEE approach used fewer features.
Depending on the accuracy needed and the available computing power for ex-
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tracting the features, the most suitable approach can be chosen. We still need
to overcome the physiological differences among users and add context awareness
and activity monitoring to compensate for factors other than stress influencing the
physiology. In the end, these methods can be used for long-term, real-time, con-
tinuous stress monitoring on an individual basis using a small and non-obtrusive
sensor system. Such a system could detect mental stress at an early stage and
therefore contribute to stress prevention at work, for example.
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Psychological and Physiological Effects of
Introductory Videos in Simulation-Based
Education
Educational outcomes could be improved by detecting optimal emotional arousal
level for learning. The subjective experience of reality in simulation-based medical
education (SBME) leads to an emotional response that may contribute to the ef-
fectiveness of the education. Two randomized controlled trials are described in this
chapter, comparing the effect of immersive introductory videos with textual intro-
ductions on psychological stress, physiological activity and performance in SBME.
ECG and skin conductance were recorded and self-reports were used for psycholog-
ical stress. Study 1 involved a resuscitation scenario. Introduction to the scenario
increased psychological and physiological stress. After the scenario, psychological
stress in the video group was higher than in the textual introduction group. HR
and LF decreased and HF increased during the introduction in the video group; the
changes in the textual introduction group were in opposite direction. Towards the
end of the protocol, psychological stress decreased but physiological stress increased,
possibly caused by large physical activity during the resuscitation scenario. Study
2 involved simulated laparoscopic surgery with low physical activity. Psychological
stress increased during the introduction. The only difference between the groups
was in cognitive appraisal after the introduction: the video induced a threat re-
sponse and the textual introduction induced a challenge response. This difference
could influence the learning process and further research is needed on this topic.
Individual assessment of psychological and physiological activation status may con-
tribute to optimizing activity level for the most effective learning experience.
Study 2 to be submitted to Simulation in Healthcare as: Van Tetering AAC, Truijens SEM,
van der Hout-van der Jagt MB, Wijsman JLP, Oei SG. Using introductory videos in simulation-
based education: a randomised controlled trial.
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5.1 Introduction
Emotional arousal is strongly related to learning performance. According to the
Yerkes-Dodson Law, learning performance increases with increment of emotional
arousal, but only up to a point. After this point, when levels of emotional arousal
become too high, learning performance decreases [173]. Therefore, to reach the
best learning performance, it is crucial to detect the point of optimal arousal level,
and to create elements that stimulate or inhibit emotional arousal. With inte-
grating this information in simulation-based medical education (SBME), learning
outcomes can be improved.
Over the last years SBME is increasingly used as a teaching tool in an effort to
prepare health profession students for the stress of clinical work. It is assumed that
a high psychological fidelity of the simulator setting creates realistic psychological
challenges and thus mimics the problems of daily clinical acute care [50].
The emotional and physiological response in SBME and the effects on learning
performance remain unclear, and contradictory results can be found in literature
[6, 7, 9, 34, 54, 55, 60, 75, 95, 96, 97, 98, 113, 167]. This suggests that indi-
vidual differences in emotional assessment of the situation are important when
creating the optimal learning circumstances. This assessment, also called cogni-
tive appraisal, is defined as the interaction of demands placed on an individual by
his/her environment and a person’s resources to meet the demands [52, 94, 160].
When resources are assessed as sufficient to meet the demands, the situation is
assessed as a challenge. In contrast, when demands are assessed as outweighing
the resources, the situation is assessed as a threat [52, 111, 160]. A difference in
cognitive appraisal impacts the emotional and physiological response, which can
influence the learning outcome in a positive or negative way.
Effects of acute stress on a person are both psychological and physiological. The
effects can be measured in several ways: as self-assessment questionnaires, phys-
iological measures such as heart rate, and neuroendocrine levels such as cortisol
or alpha amylase [60, 114]. Because stress is a multidimensional construct it is
important to assess multiple parameters when trying to define stress [44]. On top
of this, differences in cognitive appraisal correlate with differences in physiological
processes and performance [60]. Clarification about the psychological and physio-
logical response to stress-inducing elements in SBME may help to create optimal
learning outcomes.
It is not entirely clear which elements may stimulate or inhibit emotional arousal
in SBME. It has been argued that the learner’s subjective experience of reality
provides an emotional response, which contributes to the simulation’s effective-
ness in embedding the experience in the learner’s memory [76]. This subjective
experience of reality might be stimulated by the use of an introductory story type,
e.g. oral briefing, textual introduction or introductory videos. Results from stud-
ies in other domains about the use of varied story types suggested that video and
video plus textual versions led to higher levels of both engagement and recall of
particular information [83, 171]. This phenomenon has never been investigated
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in SBME and can be a useful element in clarifying the learning effectiveness of
SBME.
In SBME, several variables are used to measure stress with a lack of consen-
sus. Psychological effects are mostly measured with self-assessment questionnaires,
while the physiological response can be divided in variables of sympathetic nervous
system activation and activation of hypothalamus-pituitary axis (HPA). Physio-
logical measurements such as heart rate, heart rate variability and blood pressure
are frequently used to measure sympathetic activation, while cortisol responses
are commonly used as measurement of HPA activation, associated with a threat
response. From previous research we know that performance can be enhanced or
impaired by high-acuity situations [95]. Elevated stress levels can impede clinical
performance on tasks that require divided attention, working memory, retrieval of
information from memory, and decision making. On the contrary, memory con-
solidation can be enhanced with elevated stress levels [95]. Increase in cortisol is
more likely to result in performance impairments on tasks of memory, attention,
decision making and clinical performance [60]. Physiological stress assessment in
literature shows a wide range of measurements and results [14, 118].
Two studies are described in this chapter, aimed at comparing the effect of im-
mersive introductory videos with textual introductions on psychological stress,
physiological activity and performance in SBME. Next to these outcomes that are
investigated in both studies, the second study also investigates if there is a dif-
ference in cognitive appraisal, engagement and motivation between an immersive
introductory video and a textual introduction. We hypothesize that an introduc-
tory video leads to more engagement causing a higher threat response, increase
in psychological and physiological stress response, worse performance, but better
learning than a textual introduction.
5.2 Study 1
5.2.1 Methods
We performed a prospective, randomized controlled trial. The study was con-
ducted at a Dutch teaching hospital. This medical centre trains, on rotating basis,
medical students from Maastricht University.
Participants
Participants included rotating medical school students (year four, five and six)
from all departments of the hospital. Interactive courses in resuscitation are given
in medical school, where the students also receive instructions on the use of simu-
lation mannequins. No further course was given before the training. The Medical
Ethics Committee of the Ma´xima Medical Centre Veldhoven decided that ethical
approval was not required.
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Scenario Introduction
Prior to the simulation scenario, participants were introduced to the scenario by
either an introductory video or textual introduction. Medical information was the
same in both introductions, although the video included both visual and auditory
stimuli, while the textual introduction contained only textual information. The
introductory video was designed and recorded by Medsim, a medical simulation
centre in Eindhoven, The Netherlands, in cooperation with ambulance staff and
emergency phone service. Afterwards, this video was transcribed for the textual
introduction. The scenario consists of a pregnant woman involved in a serious car
accident. Ambulance staff is taking care of her, calling to doctors in the hospital
and finally transporting her to the hospital while her medical status declines.
Suddenly an adult observer in the scenario collapses. While the ambulance staff
is taking care of the pregnant woman, the participant should start resuscitation
on the observer.
Study Protocol
Participants are randomly assigned to the experimental group (viewing an intro-
ductory video) or the control group (receiving a textual introduction). After writ-
ten informed consent is obtained, demographic information, including age, gender,
and year of education, is collected. Students do not know what to expect from
the scenario before taking part in the training, and have to give agreement not
to disclose the scenario to any other participants. Physiological variables (heart
rate (HR), HR variability (HRV) and skin conductance (SC)) are continuously
measured with an ECG-necklace and a wristband [129, 168]. This equipment is
especially designed for measuring stress variables by Holst Centre/imec (Eind-
hoven, The Netherlands). The protocol starts with 10 minutes of rest (baseline
period). Then the introduction starts. After the introduction, students move to
the next room where they have to treat the patient. This comprises resuscita-
tion of an adult on the street without specific medical equipment. The simulator
used for this scenario is Resusci Anne R© (Laerdal, Norway). Questionnaires about
psychological stress and suspension of disbelief (engagement in the simulated set-
ting) are filled in during several specific time points (Figure 5.1). Each scenario is
immediately followed by a debriefing.
Measurements
Psychological stress, physiological variables, suspension of disbelief and perfor-
mance are measured before, during and after the introduction.
Psychological Response The six-item stress subscale of The Dutch (short-
ened) Profile of Mood States (POMS-NL) is used to measure emotional stress on
five-point Likert scales. This questionnaire is filled in before (Q0) and after (Q1)
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Figure 5.1: Study design with time points of measurements. Q: psychological stress
questionnaire, P: physiological variables, S: suspension of disbelief questionnaire.
the introduction, and after the evaluation (Q2) (Figure 5.1). The scores on these
six items are summed into a total stress score, which can range from 6 to 30.
Physiological Response The physiological features are calculated from five
45-second periods during the scenario: the last part of the baseline period (P0),
halfway through the introduction (P1), the last part of the introduction (P2),
the last part of the scenario (P3) and the last part of the debriefing (P4), see
Figure 5.1.
HR and HRV HR is determined by direct measurement of normal-to-normal
(NN) intervals of QRS complexes resulting from sinus node depolarizations.
Time-domain HRV is expressed as standard deviation of the NN intervals
(SDNN). Measurements of low frequency (LF) component (0.04–0.15 Hz),
and high frequency (HF) component (0.15–0.4 Hz) are calculated using the
Fast Fourier Transform (FFT). The results are expressed in normalized units
(n.u.). Normalized units represent the relative value of each power compo-
nent in proportion to the total power of low frequency plus high frequency
components [23]. HF activity has been linked to parasympathetic nervous
system activity, and LF activity is now accepted to be a mixture of activity of
both the sympathetic nervous system and parasympathetic nervous system.
The representation of LF to HF (LF/HF ratio) emphasizes the behavior of
the autonomic nervous system (ANS).
Skin Conductance The skin conductance (SC), the inverse of skin resistance, is
defined as the electrical conductance of the skin in microsiemens. It is used
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Table 5.1: Demographics of participants
Demographic Video Text p
Students (N=28) 14 14
Age, mean (SD) 24.4 (0.9) 23.9 (1.5) 0.23
Female, n (%) 9 (64.3) 8 (57.1) 0.71
Medical school year, mean (SD) 5.2 (0.4) 5.0 (0.4) 0.31
for capturing sweat gland function, which is a variable of the ANS response.
SC is expressed as absolute skin conductance level (SCL) and as signal power
of the second derivative of the SC signal (SCdiff2) [58].
Suspension of Disbelief An evaluative questionnaire with specific questions
about suspension of disbelief is accomplished on a 5-point Likert scale at the end
of the experiment (S) (Figure 5.1).
Performance Assessment For assessment of medical performance a checklist
is designed, based on Dutch resuscitation guidelines. The scenarios are videotaped
and performance is independently scored by two researchers, who are blinded to
the group of allocation.
Data Analysis
Statistical analyses are performed using IBM SPSS Statistics. We use the indepen-
dent samples t-test (2-tailed) to compare the experimental and control group for
scores of psychological and physiological variables, suspension of disbelief and per-
formance. For changes over time we use the paired samples t-test. Psychological
stress is calculated in scores of POMS-NL. Physiological variables are calculated
in changes between P0 and other time points (P1, P2, P3 and P4). P-values <0.05
are considered significant. As there are no comparable investigations addressing
the effect of introductory videos on psychological stress and physiological vari-
ables compared with textual introduction, sample size calculation is determined
by convenience.
5.2.2 Results
A total of 28 participants took part in the scenario, of whom 14 students were
randomized to the introductory video group and 14 to the textual introduction
group. Participants included 17 females and 11 males. The average age of the
participants was 24.1 years, ranging from 22 to 26. See Table 5.1 for complete
demographic information of the two groups.
90
Psychological and Physiological Effects of Introductory Videos in
Simulation-Based Education
Moments of measurement
After debriefingAfter introductionBefore 
introduction
M
ea
n 
sc
or
e 
st
re
ss
 s
ca
le
19
17
15
13
11
9
7
5
Error Bars: +/- 1 SD
Introductory video
Textual introduction
Page 1
Figure 5.2: Outcome stress subscale (POMS-NL) over time in experimental and
control group.
Frequency distribution of the scores of psychological stress, physiological variables,
suspension of disbelief and performance were checked on normal distribution. The
assumption of normality was not violated.
Mean scores with standard deviation (M(SD)) on the POMS-NL stress subscale
prior to the introduction in the experimental and control group were 11.17(3.11)
and 11.27(3.02) respectively, p=0.94. Immediately after the introduction, scores
were 13.96(4.10) and 13.00(3.72), p=0.53. After the debriefing the experimental
group scored significantly higher on the stress subscale than the control group
8.14(1.97) versus 6.86(1.02), p=0.04 (Figure 5.2). When the results of both groups
are taken together, there are significant differences in stress level among all three
conditions.
Physiological responses are shown in Table 5.2 and Table 5.3. By examining
changes of physiological variables over time, we only found two significant differ-
ences among the different groups. Heart rate decreases in the introductory video
group and increases in the textual introduction group from rest to halfway through
introduction (-4.59(8.95) versus 3.43(8.95), p=0.03). The change in normalized LF
heart rate variability in the introductory video group is negative whereas in the
group with textual introduction the LF change is positive from rest to end of
the introduction (-0.201(0.259) versus 0.023(0.241), p=0.03). For normalized HF
heart rate variability the change is in the opposite direction and this change is also
significantly different between the two groups.
With all participants taken together as one group some significant differences of
physiological variables among the various conditions were found (see Table 5.4).
The LFnu decreases and HFnu increases from P0 to P1, which indicates a decrease
of stress. However, SCL increases in the same period and this indicates an increase
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Table 5.2: Psychological responses over time in experimental and control group—
changes from before introduction to halfway through introduction and to end of
introduction
Feature Video
∆P0-P1
Mean(SD)
Text
∆P0-P1
Mean(SD)
p Video
∆P0-P2
Mean(SD)
Text
∆P0-P2
Mean(SD)
p
HR (bpm) -4.59(8.98) 3.43(8.95) 0.03* -1.02(8.55) 3.77(7.97) 0.14
LF (n.u.) -0.105(0.305) -0.139(0.202) 0.74 -0.201(0.259) 0.023(0.241) 0.03*
HF (n.u.) 0.105(0.305) 0.139(0.202) 0.74 0.201(0.259) -0.023(0.241) 0.03*
LF/HF -31.69
(117.20)
-2.00(4.89) 0.35 -33.63
(116.64)
0.62(4.26) 0.28
SDNN -0.003(0.034) -0.022(0.045) 0.16 0.002(0.047) -0.020(0.043) 0.20
SCL (µS) 0.085(0.212) 0.082(0.157) 0.99 0.04(0.15) 0.11(0.20) 0.35
SCdiff2
(·10−18)
-54712
(188192)
-606(4905) 0.32 -54674
(189766)
9739(24460) 0.22
* p < 0.05 independent samples t-test
Table 5.3: Psychological responses over time in experimental and control group—
changes from before introduction to scenario and to debriefing
Feature Video
∆P0-P3
Mean(SD)
Text
∆P0-P3
Mean(SD)
p Video
∆P0-P4
Mean(SD)
Text
∆P0-P4
Mean(SD)
p
HR (bpm) 38.56(12.11) 37.72(12.58) 0.86 0.44(5.25) -2.65(6.26) 0.18
LF (n.u.) 0.157(0.212) 0.190(0.205) 0.69 -0.104(0.231) 0.046(0.248) 0.12
HF (n.u.) -0.157(0.212) -0.190(0.205) 0.69 0.104(0.231) -0.046(0.248) 0.12
LF/HF -6.66(56.09) 13.09(17.52) 0.24 -1.86(3.36) 0.25(5.18) 0.23
SDNN -0.03(0.03) -0.03(0.03) 0.91 -0.03(0.04) -0.04(0.04) 0.53
SCL (µS) 2.21(1.92) 2.26(2.03) 0.96 2.55(2.79) 1.96(1.52) 0.50
SCdiff2
(·10−18)
557109
(1156977)
1838470
(4852151)
0.36 -3188
(155106)
49064
(92702)
0.29
92
Psychological and Physiological Effects of Introductory Videos in
Simulation-Based Education
Table 5.4: Physiological responses over time for all participants
Feature ∆P0-P1
Mean(SD)
p ∆P0-P2
Mean(SD)
p ∆P0-P4
Mean(SD)
p
HR (bpm) -0.58(9.70) 0.75 1.37(8.47) 0.40 -1.16(5.90) 0.32
LF (n.u.) -0.122(0.255) 0.02* -0.089(0.270) 0.09 -0.026(0.247) 0.59
HF (n.u.) 0.122(0.255) 0.02* 0.089(0.270) 0.09 0.026(0.247) 0.59
LF/HF -16.85(82.79) 0.29 -16.50(82.85) 0.30 -0.765(4.45) 0.38
SDNN -0.012(0.040) 0.12 -0.009(0.046) 0.31 -0.031(0.038) <0.01*
SCL (µS) 0.083(0.182) 0.03* 0.078(0.181) 0.04* 2.25(2.20) <0.01*
SCdiff2
(·10−18)
-26657
(130831)
0.30 -21274
(134147)
0.42 23905(24426) 0.34
Feature ∆P1-P2
Mean(SD)
p ∆P1-P4
Mean(SD)
p ∆P2-P4
Mean(SD)
p
HR (bpm) 1.96(4.43) 0.03* -0.88(11.0) 0.68 -2.81(10.4) 0.17
LF (n.u.) 0.033(0.231) 0.46 0.075(0.278) 0.17 0.034(0.248) 0.48
HF (n.u.) -0.033(0.231) 0.46 -0.075(0.278) 0.17 -0.034(0.248) 0.48
LF/HF 0.346(5.08) 0.72 0.470(4.18) 0.57 -0.099(4.54) 0.91
SDNN 0.003(0.038) 0.64 -0.017(0.033) 0.01* -0.021(0.036) 0.01*
SCL (µS) -0.006(0.072) 0.69 2.16(2.19) <0.01* 2.17(2.17) <0.01*
SCdiff2
(·10−18)
5383(17018) 0.11 50563(96924) 0.01* 45180(96672) 0.02*
* p < 0.05 paired samples t-test
of stress. SCL increases throughout the entire protocol. HR increases during
the introduction (P1 to P2), but does not change during other conditions of the
protocol. Towards the evaluation SDNN decreases and SCL and SCdiff2 increase,
all indicating increase of stress.
No significant difference was found in total score of the three items about suspen-
sion of disbelief between the two groups (10.29(2.97) versus 10.57(3.41), p=0.39).
Surprisingly we found a significant difference in the item “the instructions were
clear” in favor of the textual group (2.86(0.95) versus 3.96(1.25), p=0.01). Resus-
citation was better performed in the textual group (18.75(4.09) versus 23.49(4.25),
p=0.01).
5.2.3 Discussion
The results of this study show that introduction to the scenario seems to contribute
to increased psychological stress, with a peak straight after the introduction. A
difference in level of psychological stress between video and textual method has
not been found. This means that participants of simulation-based training start a
simulation scenario on a peak of psychological stress, independent of introductory
method. The physiological variables (HR, HRV, and skin conductance) show over-
all an increase in sympathetic and a decrease in parasympathetic activity, from
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baseline to introduction, and from introduction to evaluation. However almost no
differences were found between the two introductory methods. This suggests that
the introduction itself results in sympathetic activation, but the way of introduc-
tion does not matter. The increase in sympathetic activity from introduction to
evaluation is surprising, because we expected the stress level to decrease after the
scenario and this is also shown in the psychological stress questionnaire responses.
The physiological results thus indicate an increase in stress, while the self-reported
stress shows a decrease. One cause of this could be the large physical activity dur-
ing the scenario, which still influences the physiological parameters during the
evaluation.
Introduction methods in medical simulation are these days used to influence psy-
chological stress and physiological activity with the aim to create an effective
learning situation. Yerkes and Dodson already showed in 1908 that stress, caused
by interruptions, could have positive and negative effects on performance [173].
LeBlanc pointed to the positive and negative impact of stress on performance,
but also reported positive effects of stress on memory consolidation, the process
by which new and fragile memories are rendered into more stable and permanent
memories [95].
The impact of the introduction methods on suspension of disbelief and perfor-
mance is questionable. No differences between the introductory video and textual
introduction were found in suspension of disbelief. This means that no superior
introduction method exists to stimulate engagement in this scenario. The video
group scored lower on performance and higher on psychological stress after the
evaluation, compared to the textual group. The elevated stress level could be a
possible explanation for the difference in performance. The increase in psychologi-
cal stress could have reached a tipping point, after which performance drops [140].
On the other hand, the control group also indicated that they knew better what
they had to do and this may have improved their performance.
There were several limitations in our study. First, complex logistics involving
new technical measurements and availability of students limited our sample size,
which may have limited our ability to detect significant differences. The observa-
tion of patterns in the students’ experience of stress and objective physiological
measurements may also be influenced by other confounders not included in this
study design, e.g. experience, social support, motivation. Experience or extra
courses could especially have affected performance, which could have influenced
psychological stress level. Further studies should include other confounders.
New in our study is the possibility of continuous measuring of physiological vari-
ables during the whole training. This makes the physiological variables, which are
highly sensitive, more specific and reliable. Nevertheless some measurements are
missing because of technical problems. In future research reliable instruments are
needed for robust physiological recording. Next to this, suspension of disbelief was
only scored on three specific items in the evaluation questionnaire. A validated
questionnaire is necessary to perform further research about engagement.
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5.3 Study 2
5.3.1 Methods
We performed a prospective, randomized controlled study. The study was con-
ducted at a Dutch secondary school in the southern part of the Netherlands. The
Medical Ethics Committee of the Ma´xima Medical Centre Veldhoven approved
this study as consent exempt.
Participants
The participants of the study were 38 secondary school students between 17 and
19 years old. They were all studying in their final year, had no previous experience
with simulation-based education, and had biology as a subject. The students were
all healthy, without any use of medication except for the oral contraceptive pill by
some of the female students.
Intervention
One month prior to the actual intervention, a short-term classic education was
given about basic clinical aspects of patients and laparoscopic surgery, followed
by routinely practicing using predefined levels on the LapSim R© (Surgical Science
Ltd., Gothenburg, Sweden). The LapSim R© is a simulated video-assisted laparo-
scopic surgery box. After practicing and obtaining informed consent, the students
were randomly allocated to either the introductory video group or the textual
introduction group by computer-generated random numbers. An immersive intro-
ductory video was designed with input from learners, midwives and physicians, and
recorded by a medical simulation centre in the Netherlands (Medsim, Eindhoven)
with cooperation of a patient actor, a physician, ambulance staff, the emergency
phone service and operation room staff. It was then tested in various simulated
scenarios. The introductory video simulated a woman involved in a serious car ac-
cident. The first part of the introductory video was about ambulance staff taking
care of the patient, calling to doctors in the hospital, and transporting the patient
to the hospital while the patient’s medical status declined. The second part was
about the start of a laparoscopic surgery. The video ended after introduction of
the instruments in the abdomen, ready to start the surgery. The textual intro-
duction contains a two sentence brief visual introduction in Microsoft PowerPoint.
Medical information was more detailed in the introductory video compared with
textual introduction. A beamer was used to project both introductory video and
textual introduction on a wall. After the introduction, students were dressed like
a surgeon and had to perform two predefined levels on the LapSim R©.
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Outcome Measures
Data collection was accomplished by two secondary school students supervised by
one investigator. Data on personal characteristics were gathered using self-report
questionnaires.
Cognitive Appraisal Cognitive appraisal was assessed immediately before and
after the scenario, using the method described by Tomaka et al. [160, 161]. Ap-
praisal of demands was examined by asking the participants before and after the
scenario to answer the question “How demanding do you expect the upcoming task
to be?”, and “How demanding was the task you just completed?”. Appraisal of
resources was measured by asking the participants to answer the question: “How
able are/were you to cope with this task?”. Answers had to be given on a 10-point
Likert scale. Cognitive appraisal was then calculated as the ratio of the primary
appraisal (demands) to the secondary appraisal (resources) The situation was ap-
praised as a challenge if the resources were assessed as being equal or greater than
the demands (ratio ≤1). The situation was appraised as a threat if the demands
were assessed being greater than the resources (ratio >1).
Psychological Response Psychological stress was measured at the beginning,
immediately after the introduction, and directly after the scenario using the six-
item short-form of the state scale of the Spielberger State-Trait Anxiety Inventory
(STAI). Participants had to indicate their level of agreement about how they felt
at the given moment on a 4-point scale. Each question was given a score of 1–4,
which generates a total score of 6–24. The correlation between scores from this
six-item short-form and the full length STAI is 0.95 [108].
Physiological Response Physiological variables (heart rate, heart rate vari-
ability and skin conductance) were measured with an ECG-necklace and a wrist-
band, as in Study 1. Mean values for the sympathetic variables were calculated
for a 10 minutes rest period (baseline period), during the introductory method,
and during the session on the LapSim R©.
HR and HRV HR was determined in the same way as in Study 1. Only fre-
quency domain measures of HRV were calculated because recordings of differ-
ent durations influence the results of time domain measures such as standard
deviation of NN intervals (SDNN) [159]. Measurements of LF component
and HF component were expressed in absolute values of power (ms2) and
normalized units (n.u.).
Skin Conductance The same features were extracted from SC as in Study 1:
SCL and SCdiff2.
HPA Axis Activation of the HPA axis was measured using salivary cortisol levels,
which have shown a close correlation with plasma cortisol levels [41]. Because
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of gender differences, the impact of oral contraceptive use, and effects of
menstrual cycle phase on cortisol response, salivary cortisol samples were
only collected for men [51, 72, 78, 80, 87, 123]. To minimize the effects of
diurnal variations in cortisol productions, all the sessions of the men were
conducted between 1PM and 4PM. Participants were asked to abstain from
eating, drinking, consuming caffeine, using drugs, smoking, brushing teeth,
and doing exercise 1 hour prior to the study period as this might interfere
with the measurements. Samples were collected at the start and 20 minutes
after introductory method because previous studies have shown that cortisol
response to stressors peaks during this time [35, 77]. Participants chewed on
a roll-shaped saliva collector (Salivettes, Sarstedt, Germany) for 30 seconds.
The saliva collector was then placed in a collection tube and frozen until
all samples were centrifuged and analyzed at the laboratory of the Ma´xima
Medical Centre using the ELIZA technique.
Engagement and Motivation At the end of each simulation, subjects com-
pleted the 19-item “Game Engagement Questionnaire” (GEQ). The GEQ provides
a psychometrically strong measure of level of engagement specifically elicited while
playing video games. The GEQ has a Rasch estimate (the Rasch analog to Cron-
bachs alpha) of 0.83 and reliability of 0.96 [18]. Subjects also completed the
22-item Intrinsic Motivation Inventory (IMI). The subscale “interest/enjoyment”
is considered the self-report measure of intrinsic motivation.
Performance Assessment The performance of the participants on the LapSim R©
was rated using the mean score in percentage calculated by LapSim R© of two pre-
defined levels. This calculation was based on items as number of errors, distance
of the instruments, and time spent to finish the levels.
Learning Assessment Three to four months later participants were asked to
play the two previous defined levels all over again. Learning was rated in the same
way as performance.
Statistical Analysis
Cognitive appraisal, psychological response, physiological response and perfor-
mance are expressed as absolute and change median values with interquartile
ranges (IQR). Engagement and motivation are expressed as absolute value. Dif-
ferences in scores between the two groups were compared with the Mann-Whitney
U test, and for scores over time the Wilcoxon Signed Ranks test was used. Sta-
tistical significance was accepted at a two-sided p-value of 0.05. All analyses were
performed using SPSS (Version 21, IBM, San Jose, California). As there are no
comparable investigations addressing the differences in cognitive appraisal between
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Table 5.5: Demographic comparison of introductory video and textual introduction
group
Variable Introductory video Textual introduction
Number, (nr, %) 17 (43.6) 22 (56.4)
Age (yr), mean (SD) 17.35 (0.15) 17.18 (0.12)
Gender (m), (nr, %) 11 (50) 7 (41.2)
introductory videos and textual introduction, sample size calculation was deter-
mined mainly by modelling the study of Harvey et al. [60] and LeBlanc et al. [97]
and by practical aspects.
5.3.2 Results
A total of 39 participants took part in the study, of which 17 students were ran-
domized to the introductory video group and 22 to the textual introduction group.
Demographics are shown in Table 5.5. There were no statistical significant differ-
ences in age and gender between the groups.
Cognitive Appraisal
Group medians and interquartile ranges (IQR) for cognitive appraisal are listed in
Table 5.6. The Mann-Whitney U test showed a statistically significant difference
in cognitive appraisal score straight after the introductory method (p<0.01). See
Figure 5.3 for box plots of the scores of both groups. Post-scenario cognitive
appraisal scores were not significantly different between the groups (p=0.68).
Psychological Stress Response
Medians and interquartile ranges (IQR) for the psychological stress response are
shown in Table 5.6. The Mann-Whitney U test showed no statistically significant
differences in score on the STAI-S questionnaire between the two introductory
methods. In both groups STAI-S total score increased significantly from starting
period to straight after the introduction method (Table 5.7, Figure 5.4).
Physiological Stress Response
Medians and interquartile ranges (IQR) of the physiological response are shown
in Table 5.6. No significant differences were found between the two groups on
the three points in time. Changes over time are shown in Table 5.7. Statistically
significant differences were found in HR (decrease), LFnu (decrease) and HFnu
98
Psychological and Physiological Effects of Introductory Videos in
Simulation-Based Education
T
ab
le
5.
6:
P
sy
ch
o
lo
gi
ca
l
an
d
p
h
y
si
ol
og
ic
al
st
re
ss
va
ri
ab
le
s
in
th
e
ex
p
er
im
en
ta
l
an
d
co
n
tr
ol
gr
ou
p
at
d
iff
er
en
t
p
oi
n
ts
in
ti
m
e
V
id
e
o
T
e
x
t
V
a
ri
a
b
le
P
o
in
t
in
ti
m
e
N
M
e
d
ia
n
(I
Q
R
)
N
M
e
d
ia
n
(I
Q
R
)
p
C
o
g
n
it
iv
e
a
p
p
ra
is
a
l
A
ft
e
r
in
tr
o
d
u
c
ti
o
n
1
7
1
.1
7
(0
.3
)
2
2
1
(0
.4
2
)
<
0
.0
1
*
A
ft
e
r
L
a
p
S
im
1
7
1
.2
(0
.9
1
)
2
2
1
.2
5
(0
.8
5
)
0
.6
8
S
T
A
I
B
e
fo
re
c
a
li
b
ra
ti
o
n
p
e
ri
o
d
1
7
9
(3
.5
)
2
2
7
.5
(3
.3
)
0
.3
2
A
ft
e
r
in
tr
o
d
u
c
ti
o
n
1
7
1
1
(5
)
2
2
1
0
.5
(4
)
0
.5
7
A
ft
e
r
L
a
p
S
im
1
5
1
1
(5
)
2
2
1
0
.5
(3
.5
)
0
.7
2
H
R
(b
p
m
)
T
0
1
5
8
6
.2
8
(2
3
.8
2
)
1
7
8
8
.1
7
(1
3
.4
3
)
0
.9
3
T
1
1
4
8
3
.1
8
(1
9
.6
2
)
1
2
8
3
.9
9
(2
3
.6
5
)
0
.6
4
T
2
1
4
8
9
.2
9
(1
7
.1
)
1
7
8
9
.2
8
(1
2
.6
3
)
0
.6
6
L
F
(m
s2
)
T
0
1
5
4
9
4
4
(6
6
2
7
)
1
7
6
3
9
5
(1
1
0
9
4
)
0
.2
2
T
1
1
3
4
3
3
0
(3
8
1
6
)
1
2
8
3
8
1
(8
4
3
0
)
0
.1
2
T
2
1
3
2
5
7
0
(2
4
0
4
)
1
7
3
4
9
2
(2
8
7
5
)
0
.0
6
H
F
(m
s2
)
T
0
1
5
9
1
4
(1
6
4
7
)
1
7
1
4
8
6
(2
2
8
7
)
0
.4
4
T
1
1
3
1
7
0
3
(2
1
1
3
)
1
2
1
9
8
0
(3
7
7
4
)
0
.3
8
T
2
1
3
6
2
4
(1
1
2
3
)
1
7
7
7
0
(7
1
6
)
0
.7
2
L
F
(n
.u
.)
T
0
1
5
0
.8
2
2
5
(0
.0
7
8
1
)
1
7
0
.8
7
0
5
(0
.1
0
3
6
)
0
.2
2
T
1
1
3
0
.7
3
0
5
(0
.1
4
5
3
)
1
2
0
.7
5
9
1
(0
.3
1
6
6
)
0
.7
T
2
1
3
0
.7
8
8
6
(0
.1
6
2
3
)
1
7
0
.8
3
7
2
(0
.1
5
2
1
)
0
.3
7
H
F
(n
.u
.)
T
0
1
5
0
.1
7
7
5
(0
.0
7
8
1
)
1
7
0
.1
2
9
5
(0
.1
0
3
6
)
0
.2
2
T
1
1
3
0
.2
6
9
5
(0
.1
4
5
3
)
1
2
0
.2
4
0
9
(0
.3
1
6
6
)
0
.7
T
2
1
3
0
.2
1
1
4
(0
.1
6
2
5
)
1
7
0
.1
6
2
8
(0
.1
5
2
1
)
0
.3
7
L
F
/
H
F
T
0
1
5
4
.6
4
(2
.3
5
)
1
7
6
.7
2
(5
.0
8
)
0
.2
2
T
1
1
3
2
.7
4
(2
.1
3
)
1
2
3
.9
8
(8
.8
4
)
0
.7
T
2
1
3
3
.7
3
(6
.0
1
)
1
7
5
.1
4
(6
.3
4
)
0
.3
7
S
C
L
(µ
S
)
T
0
1
0
0
.2
1
(0
.8
5
)
1
3
0
.1
2
(0
.5
)
0
.5
T
1
1
0
0
.3
(0
.8
2
)
1
4
0
.0
9
(0
.7
1
)
0
.9
1
T
2
1
0
0
.0
8
(1
.1
1
)
1
5
0
.7
6
(0
.2
2
)
0
.9
6
S
C
d
iff
2
T
0
1
0
2
.7
8
E
-1
5
(1
.9
6
E
-1
4
)
1
3
1
.5
5
E
-1
6
(1
.9
1
E
-1
4
)
0
.8
T
1
1
0
3
.5
5
E
-1
6
(2
.0
5
E
-1
4
)
1
2
5
.8
0
E
-1
7
(1
.4
1
E
-1
4
)
0
.7
9
T
2
1
0
8
.6
6
E
-1
7
(3
.7
3
E
-1
4
)
1
5
2
.5
5
E
-1
6
(3
.2
8
E
-1
5
)
0
.7
S
a
li
v
a
ry
c
o
rt
is
o
l
(o
n
ly
m
e
n
)
(m
m
o
l/
L
)
B
e
fo
re
c
a
li
b
ra
ti
o
n
p
e
ri
o
d
7
9
.6
6
(1
2
.9
)
1
1
1
0
.1
3
(4
.7
2
)
0
.6
8
2
0
m
in
u
te
s
a
ft
e
r
in
tr
o
d
u
c
ti
o
n
7
1
1
.2
4
(9
.6
9
)
1
1
9
.9
9
(1
5
.0
4
)
0
.9
3
T
0
:
C
a
li
b
ra
ti
o
n
p
e
ri
o
d
,
T
1
:
In
tr
o
d
u
c
ti
o
n
p
e
ri
o
d
,
T
2
:
L
a
p
S
im
p
e
ri
o
d
.
*
p
<
0
.0
5
M
a
n
n
-W
h
it
n
e
y
U
te
st
99
Chapter 5
Experimental groupControl group
Co
gn
iti
ve
 a
pp
ra
is
al
 a
fte
r i
nt
ro
du
ct
io
n
2,00
1,50
1,00
,50
,00
Page 1
Figure 5.3: Cognitive appraisal of the control group and the experimental group
after the introduction.
Table 5.7: Psychological and physiological responses over time in experimental
and control group
Video Text
Variable Interval between points in
time
N p N p
Cognitive appraisal After introduction – After
Lapsim
17 0.55 22 0.02*
STAI Before calibration period
– After introduction
17 <0.01* 22 <0.01*
HR T0–T1 14 <0.01* 12 0.21
LF T0–T1 13 0.35 12 0.7
HF T0–T1 13 0.08 12 0.94
LF/HF T0–T1 13 0.1 12 0.7
SCL T0–T1 10 0.39 13 0.04*
SCdiff2 T0–T1 10 0.29 12 0.45
Salivary cortisol
(only men)
Before calibration period
– After introduction
7 0.5 11 0.48
Performance Experiment – 3 months
after experiment
10 0.17 12 0.75
T0: Calibration period, T1: Introduction period. * p < 0.05 Wilcoxon Signed Ranks test
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Figure 5.4: STAI scores of baseline period and after introduction for both groups.
(increase) in the introductory video group between starting period and straight
after the introduction video. Skin conductance level decreased significantly in the
textual introduction group between starting period and straight after the introduc-
tion video. No other significant differences were found on scores of physiological
stress variables between the two introductory methods and over time. Results of
the salivary cortisol measurements are shown in Table 5.6 and Table 5.7. Nei-
ther significant differences between the two groups, nor differences over time were
found.
Engagement, Performance, Learning and Motivation
Group medians and IQR for engagement, performance assessment, learning assess-
ment and motivation are listed in Table 5.8. No differences between the groups
were found. Also the change in performance from initial experiment to 3 months
later was not significant for both groups (Table 5.7).
5.3.3 Discussion
This study showed a difference in cognitive appraisal between an immersive intro-
ductory video and a textual introduction. An immersive introductory video led
to a threat appraisal, while a textual introduction led to a challenge appraisal.
However, no difference was found in psychological stress between the groups.
The psychological stress appraisal increased over time in both groups from before
the baseline to after the introduction. Two variables of physiological stress changed
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Table 5.8: GEQ, performance and motivation in the experimental and control
group
Video Text
Variable N Median
(IQR)
N Median
(IQR)
p
Total score GEQ 15 30 (6) 22 31 (9.3) 0.84
Performance 16 64 (25.3) 21 62.5 (31) 0.79
Performance after 3 months 10 69.75 (13.9) 12 76.25 (18.6) 0.28
Intrinsic motivation inventory 17 36 (16) 22 35 (10.5) 0.64
over time in the introductory video group: HR and LFnu decreased while HFnu
increased from baseline to video introduction. These changes could indicate a
decrease in physiological activation. In the textual introduction group, a decrease
in skin conductance was found from baseline to textual introduction. This change
also indicates a decrease in physiological activation. Finally no difference was
found between the two groups and between the different points in time for salivary
cortisol, engagement, motivation, performance and learning.
Previous studies have shown that a threat appraisal, with cortisol response, has dif-
ferent effects on memory and attention compared with a challenge appraisal. Con-
clusions about the effects of cognitive appraisal on three components of memory—
working memory, consolidation memory, and retrieval memory—can be drawn
from previous studies in SBME and other domains. First, a threat response ap-
pears to impair working memory, the capacity to store and manipulate information
for brief periods, while a challenge response does not [43, 106]. Secondly, an ele-
vated stress response, especially if cortisol is increased, has been associated with
enhancement of memory consolidation, the process in which new and fragile mem-
ories are converted into more stable and permanent memories [21, 170]. However,
extremely high levels of HPA axis activation will impair this process [1]. Finally,
a threat response leads to impairments on memory retrieval, tasks that require
remembrance of previously learned information, with no impairments occurring in
individuals who show a challenge response [22, 38, 88, 97]. As such it is important
to identify factors that are associated with cognitive appraisal in SBME, such as
the introductory method, to enhance teaching and learning. It was shown in this
study that an immersive introductory video led to a threat appraisal and therefore
could be beneficial for use in SBME to reach a better learning effect. However,
this effect did not emerge from the performance measures of the LapSim R© proto-
col. No differences in performance were found between the two groups. Also no
significant change in cortisol level was found before and after the protocol. The
number of subjects for the cortisol analysis was relatively small because only men
were included in this analysis. The low number of subjects may have led to a lack
of statistical power to prove a cortisol increase.
An interesting observation is the increase in psychological stress for both groups
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while at the same time indications of decrease of physiological stress were measured
in both groups. The mismatch of two stress modalities is a well-known problem
in stress research and is described by Van Doornen and Houtveen [40]. First,
there are measurement errors in both the psychological and the physiological stress
assessment (e.g. recall bias and random fluctuations of physiological features).
Furthermore, there are different physiological stress reactivity patterns among
persons, which make a general assessment of stress difficult. Finally, the translation
of stress feelings in the brain to the peripheral physiological measures is a complex
process that involves many intermediate steps, influenced by various neural and
hormonal factors. This all leads to the physiological measures being an indirect and
somewhat unreliable indication of the subjective psychological stress experience.
There were no differences between the groups in engagement, performance and
motivation. So although more engagement and worse performance were expected
from the video group because of a threat appraisal, these hypotheses were not
confirmed. The median scores in the GEQ were 30 for the video group and 31 for
the text group, whereas the total range of possible scores was 19–57. The median
scores were relatively low and indicate that the subjects were not really engaged
in the protocol in general. The overall low engagement might have prevented a
group difference to occur.
Complex logistics involving new technical measurements and availability of stu-
dents limited our sample size, which is a limitation of this study and may have
limited our ability to detect differences between the two experimental groups and
over time.
5.4 General Discussion and Conclusions
We performed two studies on evaluation of introductory methods for simulation
based education. The first study showed that both an introductory video and
a textual introduction stimulate psychological and physiological stress. Following
this first study, there were some recommendations that arose, which were addressed
in the second study. As opposed to the first study, the protocol of the second
study involved little physical activity. We also tried to eliminate confounders
such as experience as much as possible. The participants in the second study
were secondary school students who had no medical training and no experience
in working with the LapSim R©. Also all participants followed biology in school
so we expected an interest in medical scenarios and therefore motivation to fulfill
the training exercise. As suggested after the first study, we used a dedicated
questionnaire for assessment of engagement in the second study.
In both studies the introduction led to an increase in psychological stress level as
indicated by self-report questionnaires. This activation is an important process
in creating effective simulation training, because minimal or no activation could
result in low cognitive engagement and less long-term retention than targeted.
There were no differences in psychological stress between the two groups, though.
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The introductions were thus effective but no difference was found between video
and text introductory methods. Despite these similarities we found a difference in
cognitive appraisal between the two groups in the second study. The introductory
video led to a threat response, while the textual introduction led to a challenge
response. Although no differences in cortisol response, performance and learning
were found in this study, this result indicates theoretically that introductory meth-
ods can be used to influence the learning process. Further research is necessary
for investigation of details of this process.
Measuring physiological stress remains a challenge. Technical problems made it
hard to get information for all participants. In future studies researchers in medi-
cal simulation should work in close contact with technical personnel to overcome
these technical problems. Other factors such as individual differences and artifacts
caused by movement also make it hard to draw conclusions. Nevertheless this is
the first time that technical wireless equipment is used to measure physiological
stress in medical simulation.
Knowledge of individual psychological and physiological activation status and pos-
sibilities of inhibiting or stimulating activation can be a focus for effective learning
in simulation training. In this process continuous measuring can be of great inter-
est. An opportunity could be created to measure activation level of participants
so educators can influence this level to meet the optimal level for the most effec-
tive learning experience. This influencing could be especially interesting in team
training where participants have different responsibilities and may exhibit differ-
ences in activity level. In future research the outcomes of the new specialized
techniques presented here can also be combined with outcomes of other stress pa-
rameters, such as biochemical levels (cortisol and catecholamines), to make a clear
differentiation of sympathetic activity with and without specific stress responses.
Reaching the perfect activity level of participants for effective learning can be an
educator’s goal in future simulation training approaches with the overarching goal
of improving patient safety and outcomes.
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Modelling Mental Stress in Real-World Conditions
Using Ambulatory Measured Physiological
Variables
The number and severity of health issues due to chronic stress is increasing in re-
cent years. Creating awareness by measuring stress build up and providing feedback
on current stress level can help alleviating conditions leading to chronic stress. As-
sessing the stress levels by monitoring the physiological reaction of the body showed
promising results in controlled lab environments. In this work we evaluated the
feasibility of using physiological monitoring in assessing stress in an uncontrolled,
real-world environment. We designed and executed a study to measure physiologi-
cal parameters, reference measures for stress and context information. ECG, EMG
from the upper trapezius muscles, respiration, skin conductance and skin temper-
ature were monitored. As reference measures we used self-report stress levels and
salivary cortisol. We collected information on eating, drinking, posture and phys-
ical activity. Analysis showed that there is no consistency among the physiological
responses of different subjects when predicting stress levels. However, using regres-
sion we developed personal stress models that can predict mental stress levels at
an individual level with reasonable accuracy. This shows that the proposed method
and such real-world physiological monitoring can be used to assess stress level of a
person.
Submitted to IEEE Journal of Biomedical and Health Informatics (Special issue on Sensor
Informatics and Quantified Self) as: J. Wijsman, V. Mihajlovic´ and H. Hermens. Modelling
Mental Stress in Real-World Conditions Using Ambulatory Measured Physiological Variables.
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6.1 Introduction
More than a half of all European workers considered work-related stress to be
common in their workplace. Stress is the second most frequently reported work-
related health problem in Europe [46]. Short-term stress is not considered harmful
and often even beneficial. It can increase motivation, adaptation and reaction to
the environment. Chronic stress, however, causes various negative effects. Chronic
stress (work-related or caused by other factors) can cause several mental and phys-
ical health problems, such as burnout and depression, cardiovascular disease and
musculoskeletal problems [99]. The key to solving these problems is the prevention
of chronic stress. One way to prevent short-term stress from becoming chronic is
by measuring stress, raising awareness of stress levels, and, if necessary, creating
awareness, so a user is able to change his level of stress. This can be done by
measuring stress and providing feedback to the user, but the key assumption here
is that we are able to measure stress in an objective, quantitative way.
Stress activates the Sympathetic Nervous System (SNS) [162]. Activation of the
SNS induces various physiological reactions in the body, including increase of sweat
production, heart rate and muscle activation [57, 107].
Given this physiological activation, many researchers attempted to measure stress
by measuring physiological parameters (see for example [65, 105, 130, 174]). Most
of these studies on the physiological response to mental stress used a specific,
short-term, stressor in a controlled environment. These stressors include for ex-
ample the Stroop test, mental arithmetic tests and memory tests. However, there
is no conclusive evidence that stress in the real world induces the same physiolog-
ical response as the response that is induced by these short-term and controlled
stressors [73]. Stressors in laboratory conditions are often much more acute than
real-world stressors. Real-world stress often involves work stress, which is of a
longer-term nature than the laboratory stressors. Although there are similarities
between physiological responses to laboratory stress and real-world stress, it is of
high importance to study stress responses in real-world conditions. This is exactly
what our study was designed for: we measure stress in a real-world environment.
There are some examples in literature of studies that measured physiology in an
ambulatory setting to assess stress level. Myrtek and Bru¨gner [120] and Myrtek et
al. [119] conducted several studies in order to measure emotions in everyday life.
They used a 2.5 kg ambulatory system that recorded ECG and motion. Wilhelm
and Roth [169] recorded ECG, respiration, skin conductance, finger temperature,
ambient temperature and body movement with a 1 kg wearable system. The sig-
nals were recorded during a short flight and subjects included phobic and control
subjects. There was a study by Healey and Picard in a driving condition [63].
Their sensors were connected to a computer in the car and therefore the system
was not usable outside the car. Healey et al. [61] conducted another study in an
ambulatory environment, recording skin conductance, heart rate and activity data
during five days to detect emotions. Plarre et al. [131] measured ECG, skin con-
ductance, skin temperature, ambient temperature, acceleration and respiration in
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two studies. Only ECG and respiration were used in their data analysis, though.
The first study was in a lab environment and the stress models that were con-
structed from this condition were applied to the data collected during the second
study in a natural environment.
Our study builds on these previous studies but is more comprehensive in terms of
a larger number of data modalities collected and a more practical system of small,
wearable and wireless sensors that is used. Also, no initial lab study was done
as we immediately started measuring in a natural environment. All physiological
variables that we record are used in the analysis and employed to develop models
for measuring stress based on a number of reference measures.
The research question that we want to address is: Can we model stress in real-
world conditions using physiological features? We have developed a data collection
protocol for ambulatory recording of various physiological parameters, context pa-
rameters and reference parameters to assess real-world stress reactions. In this
paper, we elaborate on the protocol and the data we recorded following the pro-
tocol. We discuss the results we obtained in developing a general model for stress
measurement and when we developed individual models. We show what variety
of models do occur and their potential contribution towards effective prevention
of chronic stress by measuring and managing stress.
6.2 Methods
6.2.1 Study Design
As stated before, many other studies applied short-term stress and/or were con-
ducted in controlled environments. Our novel study design is developed for long-
term, ambulatory monitoring of physiological variables related to real-world stress.
Subjects
For this study it was necessary to recruit subjects who experience fluctuating
stress levels. Only when stress levels change over time, the physiological changes
associated with stress can be identified. Also, we need to prevent substantial
influences of physical activity in the recordings. Ideally, subjects have a sedentary
job in which they spend most of their time sitting physically inactive at their desk
or in meetings.
Given these two criteria, we chose a group of researchers to be our subjects. They
conduct studies independently, deal with participants in their studies, write reports
and papers on their results etc. This diverse set of tasks and the corresponding
deadlines are likely to induce stress from time to time.
Subjects were healthy volunteers with no cardiovascular disease, known problems
with or treatment for high or low blood pressure, muscle diseases, psychological
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problems or chronic high stress level / burn out. They did not use medication that
could influence any of the recorded parameters.
The study ran for multiple days and much data was collected from every subject.
Therefore we chose to include no more than 10 subjects.
Measurement Protocol
The study was designed as a long-term experiment. We recorded for 5 days during
working hours (about 8 hours per day).
Before the start of the study, subjects received instructions about the inclusion cri-
teria, procedures and potential risks of participating. All subjects signed informed
consent.
One day prior to the data collection, the subjects filled in the Daily Stress Inventory
(DSI). This was done because the response to this questionnaire is likely to be
different on the first day, compared to consecutive days [16].
On the first day of data collection, the investigator taught the subjects how
to install the sensors and the subjects received the saliva sampling equipment
(Salivette) and the mobile phone with questionnaires. The experimental proce-
dure was explained. Every next day, the subjects applied the sensors themselves.
During the measurement days, the subjects were prompted to answer the ques-
tionnaires every 30 minutes and to collect saliva samples every 2 hours. Subjects
were encouraged to perform their normal daily activities. At the end of each day,
the subjects removed the sensors and recharged them, and they filled in the DSI.
6.2.2 Physiological Parameters
We identified the physiological parameters that clearly correlate with mental stress
from the literature study described in Chapter 2. The parameters derived from
heart rhythm, blood pressure and skin conductance were most often reported to
be influenced by mental stress. Continuous noninvasive blood pressure measure-
ment is not feasible, so we measured heart rhythm and skin conductance in our
ambulatory stress monitoring protocol. Furthermore, we also recorded respiration,
surface electromyogram (EMG) from the upper trapezius muscles in the shoulders
and skin temperature from the wrist. Parameters derived from these signals cor-
relate to mental stress, but not as clearly as the parameters derived from heart
rhythm, blood pressure and skin conductance (see Chapter 2). We measured these
additional parameters to include some extra information in our data. In real-world
conditions it can be useful to record extra information that enables compensation
for artifacts and influences from context factors. This principle is called triangu-
lation [19].
108
Modelling Mental Stress in Real-World Conditions Using Ambulatory Measured
Physiological Variables
 
Figure 6.1: ECG necklace sensor node.
 
Figure 6.2: Wrist band sensor node.
Measurement Equipment
We used the wireless body area network system developed in Holst Centre/imec
(Eindhoven, The Netherlands) to record the physiological signals. The system
consists of up to six low-power wearable sensor nodes that are synchronized in time
and that can measure various physiological parameters. For details, see [129, 168].
The ‘ECG necklace’ sensor node (see Figure 6.1) records physiological signals and
3D acceleration. We used it for ECG, respiration and EMG recording. The data
was stored locally on a microSD card.
The ‘wrist band’ sensor node (see Figure 6.2) measures the tonic and phasic com-
ponents of the skin conductance from the wrist, 3D acceleration, skin temperature
on the wrist, skin relative humidity, ambient temperature and ambient relative
humidity. As for the ECG necklace sensor node, data was stored locally on a
microSD card.
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Signal Processing and Feature Extraction
An overview and description of the features that were calculated from the measured
signals is shown in Table 6.1. The features were chosen based on literature on stress
detection from physiological signals (see for example Chapter 3 and [58, 63, 149,
174]). All signal processing was done using MATLAB.
• LF, HF, and LFHF were calculated after applying a Hann window on the
interpolated heart rate signal.
• The EMG signals were filtered to remove power-line interference and low
frequency noise. A bandpass filter with cutoff frequencies at 20 Hz and 230
Hz and notch filters at 50 Hz and higher harmonics 100, 150 and 200 Hz
were used.
• RespFreq was determined as the main frequency component of the power
spectral density of the respiration signal in the range 0.05–1 Hz.
• For detection of skin conductance response rate (SCRR), the SC signals
were smoothed using a 3s moving average filter. Then the derivative was
smoothed using a 1s moving average filter and SC responses were defined as
peaks that followed a derivative value of at least 0.0093 µS/s. This value
was empirically found to best detect the responses from a dataset collected
earlier. Before calculating the signal power in the second difference of the
SC signal (SCdiff2), the SC signals were smoothed using a 5s moving average
filter and the second derivative was smoothed three times using a 5s moving
average filter. Ohmic Perturbation Duration (OPD) of the SC is defined as
the relative time of responsiveness. It varies between 0 and 1 and indicates
the relative time that the second difference of the SC signal exceeded a certain
threshold. See also [58]. ScPh is the power of the phasic skin conductance
signal, which is a high-pass filtered version of the tonic skin conductance
signal.
6.2.3 Reference Measures
We used two types of reference measure for the ‘true’ mental stress levels: cortisol
and self-reports.
1. The test subjects took saliva samples during the recording days that were
analyzed for cortisol levels. The hormone cortisol is released in stressful
conditions and is therefore an indicator of stress level [107]. There are as-
pects that need to be taken into account when using cortisol levels for this
purpose. Cortisol follows a diurnal rhythm and therefore the cortisol levels
change over time, independent of experienced stress. Also, there is a delay
between the occurrence of a stressful event and the corresponding rise in
salivary cortisol level. Furthermore, cortisol level is not only influenced by
psychological stress. Any kind of stressor acting on the body influences corti-
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Figure 6.3: Screen shot of mobile phone application (in Dutch) asking for stress
level from “not at all” to “extremely”.
sol level. Saliva samples were taken at 10am, noon, 2pm and 4pm. Subjects
did not eat or drink 30 minutes before the sampling time.
2. We kept track of the subjects’ stress level during the day by using self-reports.
The subjects carried a mobile phone running an application that inquired
about the stress level of the user every 30 minutes. Thirty minutes seemed
a suitable interval to collect data with a reasonable time window to capture
real-life stressors without asking input too often from the subjects. Because it
is unclear how the time scales of stress perception and physiological response
relate, we chose to ask the subjects to indicate both their current stress level
and their average stress level over the past 30 minutes on a Visual Analog
Scale (VAS) ranging from “not at all” to “extremely” stressed. For a screen
shot of the application where the subjects can indicate their stress level, see
Figure 6.3. Furthermore, the subjects filled in the Daily Stress Inventory
(DSI) at the end of each measurement day [16].
6.2.4 Context Information
With ambulatory recordings, it is crucial to gather context information next to
the physiological data. Therefore the mobile phone application mentioned before
also inquired about a number of context factors every 30 minutes: activity level
(none, mild, moderate, heavy), posture (sitting, standing), consumption of food,
drinks (coffee, tea, energy drink, alcohol) and cigarettes.
Furthermore, we used accelerometers to detect physical activity and posture. All
physiological sensor nodes recorded acceleration, so we could detect activity from
the wrist, shoulders, chest and hip. Also, we placed a sensor node with accelerom-
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eter on the upper leg to determine the orientation of the leg and detect if a person
was sitting or standing. Next to acceleration, the wrist band recorded ambient
temperature and relative humidity.
6.2.5 Analysis Methods
Since we have three reference measures for stress, we took a different segment of
physiological data for each reference measure:
• For the self-report on current stress level we calculated the feature values
from two minutes of data just before the self-reported stress level was given.
• For the self-report on average stress level over the past 30 minutes we calcu-
lated the feature values from 30 minutes of data just before the self-reported
stress level was given.
• For the cortisol values we calculated the feature values from 50 minutes be-
fore the sampling time to 20 minutes before the sampling time (30 minute
segment). This was done because cortisol level has a delay of approximately
20–30 minutes between a stressful situation and the increase of salivary cor-
tisol level [80].
The physiological signals we measure are influenced by a number of other factors
next to mental stress. Data points that could be influenced by some of these factors
were excluded from the analysis to create a higher chance that the physiological
changes that were observed were from mental stress. The data points just after the
subjects had eaten, drunk coffee, tea, energy drink or alcohol, smoked or performed
moderate or heavy physical activity were excluded.
As a next step, scatter plots were made of every reference measure against the
feature values of every feature, for all subjects separately. Possible outlier points
were identified from the scatter plots. The original physiological data of these
possible outliers was checked and if the data seemed to be of bad quality in this
segment (due to malfunctioning sensors, motion artifacts, etc.), the data point was
excluded from further analysis. Sometimes the quality of a particular signal was
bad over an entire recording day, then that recording was excluded completely
from the analysis.
After these two steps of excluding data points influenced by context factors and
excluding outliers, the size of the dataset was about half of the original dataset.
A substantial amount of data was excluded, but the data that was left was clean
and of good quality.
Because we often derived multiple features from the same physiological signal, one
could expect that some of these features correlate. Such a situation is undesirable
for further statistical analysis, because it causes multicollinearity, which can lead to
overfitting of the regression models. To prevent multicollinearity, the correlations
among all features were investigated for every reference measure and for every
subject. Absolute correlation values higher than 0.7 were considered problematic.
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If necessary, features were excluded from analysis such that no correlations higher
than 0.7 existed in the remaining feature set. No problematic correlations were
found among features from different sensors.
Finally, we used forward regression in SPSS to investigate the relations between
the physiological features and the reference measures. In a forward regression, the
features that show high partial correlation to the outcome variable are entered one
by one (we chose an F-to-enter criterion of 0.10). We applied forward regression
to all data points together and to every subject individually.
While performing the regression analyses, it turned out that for some features for
certain subjects there were too many data points excluded. A very low number of
valid cases was left to be used in the regression resulting in a perfect fitting model.
When this happened, we deleted the feature(s) with the low number of valid cases
from the list of features eligible to be entered into the regression model and ran
the regression analysis again.
6.3 Results
In this section we first discuss the results of the regression on the self-reported
current stress values. Both on a general level with data of all subjects included,
and on an individual level by modelling stress separately for every subject. Next,
we do the same for the regression on the self-reported average stress level over the
past 30 minutes. Finally, we discuss the results of the regression on cortisol levels.
The results of the regression of the physiological feature values on the self-reported
values for current stress level are shown in Table 6.2. The features that were se-
lected by the selection criterion of the forward regression vary considerably among
subjects. Also the adjusted R2 values vary. Only the model for subject 10 shows
a lower R2 value than the general model for all subjects. The ANOVA tests were
significant (p <0.05) for most of the models, except for subjects 3 (p=0.062), 9
(p=0.058) and 10 (p=0.093). For subject 8, none of the features met the inclusion
criterion, so no features were entered into the equation.
The results of the regression on the self-reported average stress level over the past
30 minutes are shown in Table 6.3. Again the feature sets that were selected and
the adjusted R2 values differ among subjects. Again, only one subject’s model
shows a lower R2 value than the general model. The ANOVA tests were all signif-
icant, except for subject 10 (p=0.076). As in the regression on the current stress
level, for subject 8 no features were entered into the equation because none of the
features met the inclusion criterion.
In the regression of the physiological feature values on the cortisol values, time
was entered as variable to control for the diurnal rhythm that cortisol level follows.
Results of the regression are shown in Table 6.4. No features were entered into
the regression model for subjects 7 and 8 because the features did not meet the
inclusion criterion. Also for subject 5, no model could be fit on the available
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Table 6.2: Results of regression analysis on current stress level
Subject Number of
input features
Selected features Adjusted R2
all 25 HR, HF, SCRR 0.112
1 14 Staticl, RMSResp, OPD 0.291
2 17 SDNN, HF, Medianl, RMSEMGr,
RMSResp
0.464
3 16 SCL 0.161
4 17 MNFl 0.340
5 12 RMSResp 0.174
6 12 HR, Staticr, Temp 0.481
7 11 Temp 0.223
8 15 – –
9 16 Staticr, Peakr 0.135
10 13 OPD 0.102
Table 6.3: Results of regression analysis on average stress level over the past 30
minutes
Subject Number of
input features
Selected features Adjusted R2
all 25 HR, HF, Temp 0.142
1 14 HR, RMSEMGl, MDFr, RespFreq,
Temp
0.630
2 15 HR 0.125
3 10 HR, HF 0.225
4 10 MDFr, MNFr, RMSResp 0.268
5 12 RMSResp 0.197
6 11 HR, SDNN, LF, Staticr, MDFr,
RespFreq, RMSResp, SCL, SCRR,
Temp
0.921
7 9 Temp 0.368
8 16 – –
9 15 MNFl, SCRR 0.181
10 11 Peakr 0.151
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Table 6.4: Results of regression analysis on cortisol level
Subject Number of
input features
Selected features Adjusted R2
all 25 HR, SDNN, MNFr, MDFr,
RespFreq
0.493
1 13 SDNN, Staticl 0.640
2 16 SDNN, Staticl, Temp 0.725
3 15 SDNN 0.364
4 14 SDNN 0.621
5 15 – –
6 7 LFHF, SCL 0.736
7 11 – –
8 17 – –
9 7 OPD 0.875
10 11 HR 0.382
data. Results vary among subjects, but heart rate variability (SDNN and LFHF)
is selected in five of the models.
The personal regression models generally show better results than the overall
model for all subjects. Therefore we believe that a personal stress model is needed
to predict stress in a reliable way. To conclude this section, we will show an exam-
ple that illustrates the predictive power of the regression model. We selected the
subject with the highest adjusted R2 value from the regression of physiology on
current stress level. This is subject 6 with an adjusted R2 value of 0.481 (see Table
6.2). We selected the data points of measurement day 1–4 and ran a regression
on these points. This resulted in a model with features Staticr and Temp. We
used the coefficients of this model to predict the stress level corresponding to the
data points of day 5. The self-reported stress levels and the predicted stress levels
are shown in Figure 6.4. We found a correlation of 0.588 (p=0.125) for these data
points.
6.4 Discussion
We have developed and conducted a novel study protocol for long-term ambulatory
physiological monitoring for stress assessment. We collected a database of phys-
iological signals, context parameters and reference measures for stress level. We
recorded five different physiological modalities (ECG, EMG, respiration, skin con-
ductance and skin temperature), five context parameters (ambient temperature,
ambient relative humidity, activity level, posture, consumption) and two types of
116
Modelling Mental Stress in Real-World Conditions Using Ambulatory Measured
Physiological Variables
Predicted stress level
4.504.003.503.002.502.001.50
Se
lf-
re
po
rte
d 
st
re
ss
 le
ve
l
5.00
4.00
3.00
2.00
1.00
Page 1
Figure 6.4: Self-reported versus predicted stress level for subject 6.
reference measures (questionnaires and cortisol). The data collection was done
in a real-world environment (office environment). This ambulatory setting is a
necessity for developing a stress prediction model that produces valuable results
in real-world environments. The data were recorded for five working days, which
is relatively long for this kind of study. Altogether, this database contains very
valuable data for the research we did and for future research.
Our results show that stress can be modeled using physiological parameters. It
is possible to develop a general model for stress detection, but the accuracy is
relatively low. So it seems necessary to personalize the model. For most of the
subjects, we found a significant individual model to predict stress. However, the
models we found differed substantially among subjects regarding the selected fea-
ture set and the accuracy. This suggests that reaction to stress might be reflected
in different physiological signals for different persons. Interestingly, Lacey et al.
[89, 90] already found in the 1950s that the stress response differs among persons.
This is also confirmed by the poor performance of the regression analyses we ap-
plied to all data points of all subjects together. Consequently, personal models are
needed for reliable stress detection. To determine a personal model, a personal
calibration would be needed before valid results can be produced.
The selected feature sets do not seem to form any pattern. Features from all five
physiological signals were selected across subjects. For some subjects, there were
features selected from just one signal. For other subjects, a feature set was selected
that combined multiple physiological signals. At this point, no conclusions can be
drawn on which features in general are best for predicting stress. The number of
physiological signals we recorded was relatively large compared to the amount of
data. The forward regression method prevented models with too many variables.
More data could create more certainty about the composition of the personal
feature sets.
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Data points that could have been influenced by eating, drinking coffee, tea, energy
drink or alcohol, smoking or physical activity were excluded from our analysis.
This approach can be justified for data analysis purposes, but is not realistic
in real-world environments because eating, drinking and smoking are difficult to
detect. Therefore, as a next step in this research field it would be valuable to first
find out if these context factors indeed influence the measurements, and in which
way they influence the measurements. Once this is known, it can be determined
how to deal with these influences. For example, the data from the accelerometers
can be used to detect physical activity and to automatically exclude affected data
parts.
We used self-reports and cortisol levels as reference measures. One could think
of other measures including life events that are available through digital sources
nowadays. Meetings and other events are logged in digital calendars, social media,
emails, etc. This information can be used to obtain insights in the relation of these
meetings and life events to physiological stress responses. See for example [82] for
a study relating skin conductance levels to digital calendar information.
We showed an example of how a personal stress model could be determined and
applied to new data of the same person. Although we recorded five days from every
subject, we did not have enough data points to thoroughly verify this procedure.
More longitudinal recordings from the same subjects would be needed to truly
verify this procedure and to investigate if the personal stress models are consistent
over longer times. Furthermore, if data is recorded from a larger population,
stratification of people could be made. High responsive versus low responsive
groups could be identified and characterized. Or different response patterns such
as HR reactive versus SC reactive could be found.
Finally, it turned out that some subjects showed very little variation in stress
level throughout the study. For future research, we suggest to select a subject
group or certain conditions that guarantee significant fluctuations in experienced
stress level. Subjects that have stressful jobs on a daily basis, such as air traffic
controllers or high-level managers could fit this requirement. A stress prediction
model will perform better if it was developed based on more extreme stress levels.
6.5 Conclusions
We developed and executed a study that takes a novel approach to estimating
the impact of stress in real-world environments. We recorded various physiolog-
ical parameters, reference measures and context information. We used wearable,
wireless sensors during five working days in a real-world environment. Analysis of
the data showed that stress can be predicted to a certain extent using regression
models. Results also showed that personal stress models generally perform better
than a general stress model. To answer our research question: the outcome of this
pioneering study shows a good indication that modelling stress in real-world con-
ditions using physiological features is possible, but we need personalized models.
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Discussion
In Chapter 1, the general goal of this thesis was formulated as follows:
to assess the feasibility of constructing personal models for the relation
between mental stress and physiological variables, for use in ambulatory
stress management systems.
This goal can be subdivided in three aspects of which the feasibility should be
assessed:
1. using physiological variables for stress detection
2. personalization of stress models
3. ambulatory measurements
The feasibility of using physiological variables for stress detection was shown in
Chapter 2, Chapter 3 and Chapter 4. Chapter 2 reported on the research findings
in literature on this topic. It was shown in many studies that there is a physiolog-
ical reaction to stress that can be measured from certain physiological variables.
Chapter 3 and Chapter 4 reported on a new experiment that verified and con-
firmed the findings from literature in various office-like situations. Also, in this
experiment it was shown that physiological reactions to stress can be measured
and can be used for classification of the results.
In Chapter 3, differences in EMG features between rest and stress conditions were
found on group level without personalization of the analysis. However, large vari-
ability of feature values among subjects was also found. Therefore, personalization
of stress models is necessary to improve accuracy of individual models. Personal
normalization was done successfully in Chapter 4 for classification on individual
subject level.
Ambulatory measurements are certainly feasible as was shown in the studies de-
scribed in Chapter 5 and Chapter 6. In Chapter 5, the subjects were monitored
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during medical simulation training. Although the environments were simulated,
the training was real and the simulation resembled the real-world environment in
a convincing way. The subjects who participated in the study described in Chap-
ter 6 were continuously monitored for five days during daily office work. Although
these studies show that ambulatory recording of physiological signals is feasible,
the measurement system is not ready for long-term and commercial use yet. The
sensors are too bulky and not comfortable. It is not desired to measure at many
different locations on the body (shoulders, chest, wrist). Ideally an ambulatory
recording system should consist of only one sensor device that is small, unobtrusive
and can easily be applied to only one location on the body.
7.1 Conflicting Results and Unexpected Findings
In Chapter 3 it was shown that self-reported stress correlates to RMS EMG value
and relative EMG gaptime. Unfortunately, the correlation values were not that
high and no similar results were found in the other studies that were executed.
Occasional correlations were found in the other studies between certain features
and the self-reported stress values, but there seemed to be no clear pattern among
these correlations.
There are two factors that may play a role in the lack of correspondence between
self-reported stress levels and the measured physiological features. First, the self-
reported values may not be accurate. When subjects are asked to indicate their
stress level in a questionnaire, they need to interpret their stress feelings and
indicate these subjective feelings on some kind of objective scale like a VAS or
Likert scale. Obviously this interpretation is not straightforward and can cause
inaccuracies. Second, the stress feelings in the mind are translated to measurable
physiological signals through many intermediate steps such as nerves and hormonal
reactions. Also, the sensation of the physiological stress reaction can, in turn, have
impact on the mental stress experience. Because many factors play a role in the
interplay between body and mind, all kinds of unpredictable effects may occur
between the stress feelings in the mind and the peripheral physiological variables
that are measured.
This inconsistency between self-reported stress and the peripheral physiological
reaction contributes to one of the fundamental challenges in stress research: there
is no recognized reference measure. Many researchers have already tried to mea-
sure stress, but nobody knows what the ‘real’ stress measure should be to which the
models are tuned. Apart from various—validated or custom made—questionnaires,
hormone levels are also commonly used as a reference for stress level. These cur-
rently available reference measures are the most reliable indicators of stress level,
so these measures are what research in the area of stress detection is based on.
Nevertheless, none of these measures is close enough to the actual mental stress
feelings that only the subjects themselves can experience. Researchers working in
this field therefore need to keep in mind that they are not working with a perfect
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reference measure.
In Chapter 5 an increase in physiological stress was found while self-reported
stress levels decreased over the same time frame. So besides the fact that often
no correlation is found between the self-reported stress and physiological signals,
here the two measures even moved in opposite directions. In this case, the cause of
the inconsistency was most probably the physical activity that was involved with
the protocol of Study 1. During the evaluation period at the end of the protocol,
the influence of the physical activity was still present in the physiological signals
while the mental stress was reduced compared to the baseline value. While this
is an example which demanded relatively large physical effort, the phenomenon
described here still highlights the importance of controlling physical activity and
other context factors while performing physiological stress measurements. Many
context factors can influence the physiological measurements and it is important
to either discard the data that may have been influenced by context factors or to
compensate for the influence of context factors before analyzing the physiological
data for stress level.
The analysis of the data collected during the last study, described in Chapter 6,
was performed on personal level for every subject. It was unexpected to see such
substantial differences in the selection of the subset of features for the regression
models. More data would be needed to verify if these differences are consistent, i.e.
if one person always shows the same response pattern. Also it could be investigated
if certain subgroups could be distinguished that show similar physiological response
patterns. Some personal characteristics that were already found to cause different
physiological responses are gender [5, 13, 15, 102], age [26, 30, 163], race [101,
150], aerobic fitness [53] and certain physical and psychological conditions such as
posttraumatic stress disorder [12], panic disorder [12, 66], anxiety disorder [67],
autism [56], self-mutilation [126] and obesity [154]. However, other studies found
contradicting results. For example, Blangsted et al. and Krantz et al. did not
find different responses for subgroups based on gender [11, 85]. Therefore more
research would be needed to unravel the specific physiological mechanisms that
comprise the different stress reactions. Still, some of these characteristics—such
as gender, age and aerobic fitness—might have played a role in the subject group
that was used in the study described in Chapter 6 and are likely to have partially
caused the differences in regression models. Furthermore, the study took place in
an ambulatory real-world environment in which different types of stressors could
have occurred. Not only the personal characteristics, but also different types of
stressors can cause differences in physiological response [5].
7.2 Physiological Features for Stress Detection
There is a large number of studies that investigated the physiological reaction
to mental stress. A selection of these studies was described in Chapter 2. This
literature review identified five features that correlate to mental stress: heart rate,
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systolic and diastolic blood pressure, skin conductance level and number of skin
conductance responses.
Blood pressure was not measured during the studies described in this thesis be-
cause no wearable continuous blood pressure sensor was available for this purpose.
Heart rate and skin conductance level turned out to be relevant features for stress
detection, as was described in Chapter 4. The second difference of the skin con-
ductance signal was selected here instead of number of skin conductance responses.
The information that these two features give is somewhat comparable as they both
give information about the fluctuations in the skin conductance signal.
Another feature that was selected in the study in Chapter 4 was respiration fre-
quency. In the literature review this feature was found to correlate with stress
often, but some contradictory results were also found. Although respiration fre-
quency was selected in this study, one should be careful when applying it in real-
world situations as it is influenced by speaking.
The literature study showed that most of the studies in which HRV features were
evaluated found changes of these features in the expected direction. In the PCA
analysis in the study described in Chapter 4 SDNN contributed substantially to
the second component, which indicates that there was relevant information in this
feature. There was no heart rate variability feature selected in the GEE analysis.
Apparently inclusion of the SDNN feature did not add any new information to the
already selected features for this analysis.
In Chapter 5, only ECG and skin conductance were measured. In the resuscitation
study both signals change between the different conditions. It was interesting to
see that during the evaluation phase after the actual simulation, skin conductance
level remained elevated for a long time whereas heart rate returned to baseline
quicker.
The results of Chapter 6 show many differences among the feature sets that were
selected for the various subjects. Some features are commonly used in stress
research, but other features are not that common. Features that are not common,
such as the EMG features and skin temperature, are the key features for the
regression model for some subjects but do not play a role in the models of other
subjects. These individual differences can explain the contradictory results that
were reported in literature for these features. Heterogeneity of the subject group
and the personal physiological stress reaction profiles of the subjects could have
caused contradictions in the results. Hence, individual models are needed for
accurate stress level estimation.
7.3 Limitations
Baseline physiological values recorded in laboratory settings are generally higher
than values measured in situations in which the subject is more relaxed [67]. Fur-
thermore, laboratory stressors tend to induce weaker responses than real-life stress
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situations [67]. Therefore the protocols of the studies described in Chapter 3,
Chapter 4 and Chapter 5 did probably not induce stress levels similar to real-
world situations. The study described in Chapter 6 did take place in real-world
situations. However, some subjects did not experience much fluctuation in stress
levels during the measurement days. If not much fluctuation of stress can be
measured, the stress reaction cannot be modeled accurately either.
In the study described in Chapter 6 we sampled saliva for analysis of cortisol levels.
The samples were taken four times a day for five days, resulting in twenty samples
per subject. More frequent sampling was not feasible because of costs and because
subjects could not eat or drink anything 30 minutes before the sampling. Frequent
sampling would mean that subjects hardly would have had time to eat or drink
during the day. However, more frequent sampling could have made the regression
analysis stronger and could have led to a more robust stress model.
The regression analysis that was performed in Chapter 6 assumed linearity be-
tween the physiological features and the reference variables. The actual relation-
ship between these variables is still unknown though. The translation from a
stress sensation in the mind to the measurable physiological variables is a complex
process that probably does not exhibit linear behavior.
Five measurement days is relatively short when trying to assess chronic stress
levels. Therefore the last study focused on shorter episodes of stress. If multi-
ple short stress episodes lead to chronic elevation of stress this would be a valid
approach. However, to test this hypothesis longer measurement periods and/or
follow-up studies would be necessary.
The subject groups that were chosen for the studies described in this thesis were
rather specific. The studies described in Chapter 3, Chapter 4 and Chapter 6
included researchers in the subject groups. The studies described in Chapter 5
included medical students and high school students in the subject groups. The
results that were found in these studies can therefore not be generalized to the
whole population. For such a generalization one would need a number of subjects
for subgroups with similar physiological response patterns, as indicated in Sec-
tion 7.1. Examples of subgroups are men vs. women, age groups, healthy subjects
vs. subjects with certain medical conditions and groups based on race. More
studies with diverse subject groups would be necessary to facilitate generalization
to the whole population.
7.4 Conclusions
The main conclusion of this thesis is that it is feasible to use physiological variables
for personalized stress detection in ambulatory conditions. This conclusion implies
the potential for development of commercial stress management systems for ap-
plications in personal life. Such a system could be used in a work environment,
during psychological treatment, in car driving etc.
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Only few studies have developed a method to estimate stress level on a continuous
scale and continuous in time. Most studies just investigate differences between
baseline and stress conditions using statistical tests or they use classification algo-
rithms to classify the two conditions. In the studies described in this thesis two
ways for continuous stress estimation were suggested. First, the outcome of the
Generalized Estimating Equations (GEE) analysis could be used for continuous
stress level estimation using the probability of stress and a sliding window. Sec-
ond, regression analysis can be used to model self-reported stress levels indicated
on a VAS to physiological features. This way stress levels can be estimated on a
continuous scale.
To the best of our knowledge, the real-world study that was done is the first study
in an ambulatory setting in which this large number of physiological, context
and reference variables were recorded. Five different physiological signals, eight
context variables and three reference measures were collected. These variables
were collected from ten subjects during five days, in an ambulatory setting during
working hours.
The final study was set up in such a way that individual analysis of the data was
possible. The subject group was relatively small but the amount of data collected
per person was large. This setup facilitates the development of a personalized
model for every subject. It was shown that these personalized models differ sig-
nificantly among subjects and that these models perform better than a general
model that is fit to the data of all subjects together. So a general model could be
used as a starting point in a feature stress management system. The model should
be individualized to the user as soon as possible though.
7.5 Future Research
This thesis presents studies towards real-world stress detection. The studies raised
a number of directions for future work, which will be described here.
From the literature review in Chapter 2 it turned out that blood pressure measure-
ment could have great potential for stress monitoring. An extension of the recorded
signals in order to include blood pressure would be desirable to improve stress esti-
mation models. Unfortunately, no wearable continuous blood pressure sensors are
available for this purpose. Ambulatory blood pressure estimation based on pulse
arrival time seems promising, but validation of this technique is still on-going (e.g.
in Samsung’s Simband).
Certain context factors influence physiological signals and could therefore impede
the stress detection. More investigation of this influence could improve the stress
estimation models. In the last study, for example, information about physical ac-
tivity, posture, consumption of food, drinks and cigarettes, temperature and rela-
tive humidity were measured. These could all have had an influence on the results.
Analyzing these factors and the physiological signals might bring understanding of
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the exact influence of these factors on the physiology. When this understanding is
achieved, it can be decided if data influenced by these factors should be excluded
from analysis or if the estimation of stress level can be compensated for these
factors.
The timing of the responses to stressors is different for various physiological mech-
anisms. For example, skin conductance latency is much higher than EMG latency.
This phenomenon applies both to the response time and the recovery time. Thor-
ough insight in the timing patterns of the various mechanisms can help to improve
the accuracy of stress level estimation.
Also a more thorough investigation into individual stress response patterns could
bring more understanding of the origin of the individual differences. As was al-
ready pointed out in Section 7.1, there are many population subgroups that can
be distinguished based on personal characteristics. If different response patterns
could be identified for these subgroups, this would help in defining accurate and
personalized stress estimation algorithms.
An important topic in stress research is the method for individual calibration of the
stress estimation algorithm. The most straightforward method is to invite users
to a controlled (laboratory) environment and have them undergo a standardized
set of stressors. The physiological response to these stressors can then be used for
calibration of the algorithm to improve the accuracy of stress estimation. Another
option is to develop a self-learning stress measurement system. Such a system
would initially estimate stress using a general algorithm. During use, the system
would prompt the user from time to time and inquire about his or her stress level.
Based on this user input, the algorithm can be personalized and will become more
accurate.
Two final topics that are pointed out here for future research are real-time stress
level calculation and effective feedback. As was already indicated in the Intro-
duction (Chapter 1), it would be useful to develop a personal stress management
system that could measure stress and give effective feedback. To fulfill this goal it
is necessary to develop algorithms that can calculate stress level from physiological
signals in real time. At the same time, the outcome of such algorithms should be
converted into understandable feedback to the user. The preferred ways to give
effective feedback that creates awareness of stress level in a pleasant way need to
be investigated.
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Summary
Recently, general concern about work-related stress is increasing. The number of
people affected by work-related stress has grown since the second half of the 20th
century. Examples of causes of work stress are a bad person-environment fit and
a highly demanding job with low control. If such an imbalance between person
and environment and/or demand and control persists, chronic stress will occur.
Chronic stress induces a number of mental and physical health problems that
impact personal life, organizations and society. Timely detection and reduction of
stress could prevent these health problems and their negative effects. There are
three general approaches for stress detection: questionnaires, biochemical measures
and physiological measures. This thesis focuses on the detection of stress using
physiological measures. Stress causes rapid activation of the autonomic nervous
system and this activation can be measured in a number of physiological variables.
The goal of this thesis is:
to assess the feasibility of constructing personal models for the relation
between mental stress and physiological variables, for use in ambulatory
stress management systems.
The most commonly measured physiological variables for stress detection are re-
viewed in Chapter 2: heart rhythm, blood pressure, respiration and skin conduc-
tance. Five features that were found to be related to mental stress are: heart rate,
systolic and diastolic blood pressure, skin conductance level and number of skin
conductance responses.
In Chapter 3 and Chapter 4, an experiment is described in which physiological
signals were measured with a wireless system during three distinctive stress tests
that were designed to resemble office-like situations. Electrocardiogram (ECG),
respiration, skin conductance and surface electromyogram (EMG) of the upper
trapezius muscle were measured and analyzed. EMG amplitude was higher during
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stress than during rest and relative time with EMG gaps, mean frequency and
median frequency of the EMG signal were lower during stress than during rest
(Chapter 3). Using all four physiological signals, classification between stress and
rest conditions reached an accuracy of 79.3% using Principal Component Analysis
and a Fisher’s Least Square Classifier, and an accuracy of 74.5% using Generalized
Estimating Equations (Chapter 4).
In Chapter 5, two randomized controlled trials are described that compare the use
of immersive introductory videos with textual introduction in simulation-based
medical education (SBME). Both studies showed that the introduction induced
increased psychological and physiological stress levels. There were indications
that the video introduction induced higher psychological stress than the textual
introduction and the task that followed the video was appraised upfront as a threat
rather than a challenge. These differences could influence the effect of education
and need to be investigated further so the optimal activity level for most effective
learning can be found.
The final study was performed in an uncontrolled, real-world environment and is
described in Chapter 6. ECG, EMG from the upper trapezius muscles, respiration,
skin conductance and skin temperature were monitored during five days in an am-
bulatory setting. Self-reported stress levels and salivary cortisol were collected as
reference measures. Context information on eating, drinking, posture and physi-
cal activity was also collected. Results show that personal stress models can be
determined that predict mental stress levels at an individual level. However, there
was not much consistency among the physiological responses of different subjects.
To the best of our knowledge, this real-world study is the first study in an ambu-
latory setting in which this large number of physiological, context and reference
variables were recorded. Five different physiological signals, eight context vari-
ables and three reference measures were collected from ten subjects during five
days.
The main conclusions of this thesis are that using physiological variables for men-
tal stress detection is feasible, personalization is necessary due to large variations
among persons, and that ambulatory measurements are feasible if an unobtrusive
and low-power sensor is available. Two options have been provided for estimating
stress level on a continuous scale: Generalized Estimating Equations and regres-
sion. The most common features used in stress estimation are blood pressure,
heart rate and skin conductance. Other features such as heart rate variability,
EMG and temperature are relevant for some subjects, but not relevant for others.
Respiration frequency could be a useful feature but is heavily influenced by speech.
There are some difficulties in the research field that need attention in future work.
First of all, there is no recognized reference measure available that is known to
resemble actual mental stress level accurately. Secondly, there is much potential
influence on the measurements by context factors such as physical activity, cof-
fee consumption and ambient temperature. Furthermore, additional physiological
variables such as blood pressure can be investigated, as well as the prospects for
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real-time stress level estimation and ways to give effective feedback to the user.
Finally, the characteristics of subjects should be chosen carefully and long-term
measurements are needed to investigate chronic stress.
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Samenvatting
De laatste tijd neemt de algehele bezorgdheid over werkgerelateerde stress toe.
Het aantal mensen dat getroffen wordt door werkgerelateerde stress groeit sinds
de tweede helft van de 20e eeuw. Voorbeelden van oorzaken van werkstress zijn
het slecht bij elkaar passen van persoonlijkheid en omgeving of een baan die veel
vraagt, maar weinig controle biedt. Als een dergelijke onbalans tussen een persoon
en zijn omgeving en/of vraag en controle aanhoudt, zal chronische stress optreden.
Chronische stress veroorzaakt een aantal mentale en fysieke gezondheidsproblemen
die invloed hebben op prive´leven, organisaties en de samenleving. Tijdige opspo-
ring en vermindering van stress zouden deze gezondheidsproblemen en de negatieve
effecten ervan kunnen voorkomen. Er zijn drie gangbare benaderingen voor het
opsporen van stress: vragenlijsten, biochemische metingen en fysiologische metin-
gen. Stress zorgt voor een acute activering van het autonome zenuwstelsel en deze
activering kan worden gemeten in een aantal fysiologische variabelen. Het doel
van dit proefschrift is:
het bepalen van de haalbaarheid van het ontwikkelen van persoonlijke
modellen die de relatie tussen mentale stress en fysiologische variabe-
len beschrijven, ten behoeve van gebruik in ambulante systemen voor
stressregulatie.
De meest gebruikelijke fysiologische variabelen voor stressdetectie worden bespro-
ken in Hoofdstuk 2: hartritme, bloeddruk, ademhaling en huidgeleiding. Vijf
karakteristieken waarvoor een relatie met mentale stress werd gevonden zijn: hart-
slag, systolische en diastolische bloeddruk, niveau van huidgeleiding en aantal ge-
meten reacties in het huidgeleidingssignaal.
In Hoofdstuk 3 en Hoofdstuk 4 wordt een experiment beschreven waarin fysiologi-
sche signalen werden gemeten met een draadloos systeem tijdens drie verschillende
stress tests die werden ontworpen om situaties na te bootsen zoals ze in een kantoor
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optreden. Elektrocardiogram (ECG), ademhaling, huidgeleiding en oppervlakte
elektromyogram (EMG) van de musculus trapezius pars descendens (monnikskap-
spier) werden gemeten en geanalyseerd. De amplitude van het EMG was hoger
tijdens stress dan tijdens rust. De relatieve tijd met EMG ‘gaten’, gemiddelde
frequentie en mediaanfrequentie van het EMG signaal waren lager tijdens stress
dan tijdens rust (Hoofdstuk 3). Bij gebruik van alle vier de signalen voor classifi-
catie tussen stress- en rustcondities werd een nauwkeurigheid van 79.3% behaald
met een Principal Component Analysis en een Fisher’s Least Square Classifier, en
een nauwkeurigheid van 74.5% met gebruik van Generalized Estimating Equations
(Hoofdstuk 4).
In Hoofdstuk 5 worden twee gerandomiseerde onderzoeken met controlegroepen
beschreven waarin het gebruik van introductievideo’s vergeleken werd met het
gebruik van een introductietekst in medische educatie met behulp van simulaties.
Beide studies toonden aan dat de introductie zorgde voor verhoogde psychologische
en fysiologische stressniveaus. Er waren indicaties dat de introductievideo hogere
psychologische stress veroorzaakte dan de introductietekst en de taak die na de
video uitgevoerd moest worden werd van tevoren gewaardeerd als een bedreiging
en niet als een uitdaging. Deze verschillen kunnen invloed hebben op het effect
van educatie en moeten verder worden onderzocht zodat het optimale niveau van
activering voor het meest effectieve leerproces kan worden vastgesteld.
De laatste studie vond plaats in een ongecontroleerde natuurlijke omgeving en
wordt beschreven in Hoofdstuk 6. ECG, EMG van de monnikskapspier, ademha-
ling, huidgeleiding en huidtemperatuur werden gedurende vijf dagen gemeten in
een ambulante omgeving. Door de proefpersonen gerapporteerde stressniveaus en
cortisol in speeksel werden verzameld als referentiemetingen. Ook werd contextin-
formatie over eten, drinken, lichaamshouding en fysieke activiteit verzameld. De
resultaten toonden aan dat persoonlijke stressmodellen kunnen worden bepaald
die mentale stress op individueel niveau voorspellen. Er was echter niet veel sa-
menhang tussen de fysiologische reacties van de verschillende proefpersonen.
Naar eer en geweten wordt gesteld dat deze studie de eerste ambulante studie
in een natuurlijke omgeving is waarbij dit grote aantal fysiologische, context- en
referentievariabelen werd gemeten. Vijf verschillende fysiologische signalen, acht
contextvariabelen en drie referentiemetingen werden verzameld van tien proefper-
sonen gedurende vijf dagen.
De belangrijkste conclusies van dit proefschrift zijn dat het haalbaar is om fy-
siologische variabelen te gebruiken voor het detecteren van mentale stress, dat
personalisatie nodig is door de grote variatie tussen personen, en dat ambulante
metingen haalbaar zijn als een niet hinderlijke en energiezuinige sensor beschik-
baar is. Er zijn twee opties genoemd voor het schatten van het stressniveau op een
continue schaal: Generalized Estimating Equations en regressie. De meest voorko-
mende kenmerken die bij het schatten van stress worden gebruikt zijn bloeddruk,
hartslag en huidgeleiding. Andere kenmerken zoals hartslagvariabiliteit, EMG
en temperatuur zijn weliswaar voor sommige proefpersonen relevant, maar voor
anderen niet. Ademhalingsfrequentie kan bruikbaar zijn maar wordt aanzienlijk
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be¨ınvloed door spreken.
Een aantal problemen in het onderzoeksdomein behoeft aandacht in toekomstig
onderzoek. Ten eerste is er geen erkende referentiemeting beschikbaar die bekend-
staat als een accurate weergave van het werkelijke stressniveau. Ten tweede is er
veel potentiele invloed op de metingen door contextfactoren zoals fysieke activiteit,
koffieconsumptie en omgevingstemperatuur. Verder kunnen extra fysiologische va-
riabelen zoals bloeddruk worden onderzocht, en kan onderzoek worden gedaan naar
mogelijkheden voor actuele schatting van het stressniveau en naar manieren om
effectieve feedback te geven aan de gebruiker. Ten slotte moeten de eigenschappen
van proefpersonen zorgvuldig worden gekozen en zijn langetermijnmetingen nodig
om chronische stress te onderzoeken.
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